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ABSTRACT

(Distribution Limitation Statement No. 2)

An analytical model to describe the behavior of a forward biased or reverse
biased (including avalanche breakdown) diode in a transient X-ray enviromment

is developed. The calculated results are compared with experimental results.
The avalanche multiplication phenomenon is related to the physical parameters

of the device. Equivalent circuits for the device under irradiation are
developed. The basic theory of ava_anche transistcr operation is reviewed and
the critical design factors for operation of an avalanche circuit in a radiation
environment are discussed. The circuits were tested in the range from 105 R/sec
to over 10!? R/sec. Circuits were tested with and without different types of
junction compensations. Avalanche dicdes and transistors were also irradiated
in a neutron environment. Some of the diodes and tramsistors were still
functioning properly at doses of 8.6 x 1015 nvt. An avalanche circuit was

shown to be relatively insensitive to a neutron eavironment after exposure to

neutron fluence in excess of 101° n/cmz‘
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SECTION 1

INTROCUCTION

At the present time, various circuits utilizing semi-
conductor devices are bheing incorporated into sophisticated
military weapon systems which might be subjected to severe
radiation environments. Previous research efforts have re-
sulted in the evaluation of various semiconductor circuits
and devices in a nuclear environment. These efforts have
shown the need for further theuretical investigation and
experimental evaluation of these circuits and new circuits
to develop additional hardening criteria and compensation
techniques.

The present understanding of the basic mechanisms in-
volved in the production of undesirable radiation induced
transient and permanent effects in avalanche semiconductor
devices is still in the evolutionary stage. As semiconductor
devices and circuits become more and more complex, the need
also arises for equivalent circuit models of these devices
and circuits. These device models can be used in computer
programs for complex circuits to predict the approximate
total circuit responses and correlate these responses with
the actual experimental results.

An experimental and theoretical study of the basic
aspects of avalanche breakdown was made so that a com-

parison of theoretical model responses and actual device
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responses under radiation could be made. Models for
avalanche diodes and transistors were developed for both
the cutoff and avalanche regions of cperation.

The avalanche diodes investigated were p+n silicon

alloy diodes with breakdown voltages in the range of 8 to

22 volts. The significant effect of X-ray radiation on these
devices is the production of electron-hole pairs which
results in the production of a transient photocurrent. The
photocurrent is shown to be multiplied by the device's ava-
lanche multiplication factor M, which enhances the normally
observed photocurrents. As the external voltage across the
device approaches the breakdow' voltage, the photocurrent
increases about an order of magnitude above that observed
at low voltage. Beyond breakdown, the photocurrent tends
to decrease again. This is a basic phenomenon which is
characteristic of the avalanche device. When the device is
in the breakdown region, a longer tail (or slower decay)

is observed on the resusting radiation induced photocurrent.
This behavior is caused by the buildup of an electric field
inside the lowly doped n-region of the diode.

The basic theory of avalanche transistor operation was
reviewed and the critical design factors were discussed.
Simplified egquivalent circuits were developed for avalanche
transistor operation under transient X-ray irradiation.
Since avalanche transistor circuits are normally sensitive
to transient radiation, methods of circuit design and

hardening techniques were developed. Using these methods,
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. optimum designs for radiation-hardened-avalanche-transistor k-
] . . . . } ¥
5 circuits were established and were tested in a transient E
3

: radiation environment.

k.

&

Basic theory of neutron degradation ¢f semiconductors
was reviewed; and critical design factors of semiconductors
in relation to neutron damage were discussed. Avalanche

diodes and transistors were irradiated in a neutron environ-
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ment, and pre- and post-data were taken. Using these

ARSI )

results, the theory of operations of avalanche devices

i

and basic neutron degradation ¢f semiconductors, upper

thae

limits of exposure were established that still permitted

the devices to operate satisfactorily.
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SECTION II

THEORY OF AVALANCHE SEMICONDUCTOR DEVICES

1. Avalanche Devices and Phenomena

In most p-n junctions, the predominant physical
mechanism which gives rise to reverse breakdown is called
the avalanche effect. Many times the avalanche effect is
confused with the Zener effect, but these effects are two
entirely different phenomena. The avalanche diode or
Zeper diode is a solid state semiconductcr device which
uses certain features of the reverse electrical character-
istice of a p-n junction. Alsc the forward characteristic
of these devices can be used for Jow voliage reference or
as temperature compensation for the reverse-biased
junction {(reference 1).

The avalanche effect is a nondestructive carrier
multiplication that occurs in the depletion region. When
the voltage across a reverse-biased p-n junction is in-
creased, it is found that the current will gradually
increase. As the voltage approaches the breakdown voltage
of the junction, the current increases very rapidly, and
it is only limited by the external circuit resistance. This
phenomenon occurs because the minority carriers, which are
thermally or otherwise generated, diffuse to the junction,
and they are acc _.erated by the high field region of the
reverse-biased junction. If thea free electron or hole

drifting through the depletion region acquires sufficient

4
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energy from the field, it can ionize the atoms in the
depletion region by collision with them. This collision
ionizes the atom and produces a free electron-hole pair.
The ionized electron-hcle pair, upon gaining sufficient
energy, is capable of repeating the above process, and so
on, resulting in an avalanche multiplication. Thus, the
process is cumulative and may re;ult in a tremendous
increase in current, dependinrg on the voltage across the
device.

In mcking diodes with low breakdown voltage, large
doping levels EA and ND are required. But as the doping
levels get too large, another bresakdown pheuomenon called
Zener breakdown takes over for an electric field of 106
volts/cm or greater. The Zener breakdown is a direct
rupture of the valance bonds, caused by the large field
developed across the depletion region. This field is
sufficiently large to liberate ele¢e +ons from the covalent
bond producing free electron-hole , .irs with the direct
excitation of electrons from the valence band to the
conduction band (reference 2).

The liberated electron-hole pair acts as a charg:
carrier, and thus increases the current. Therefore, in the
Zener breakdown, an energetic ionizing carr‘er is not
required, as the Zener mechanism is guantum mechanical in
nature (analogous to tunneling). For instance. in a field

6

of 10" volts/cm extending over a distance of 10 R, a carrier

would only gain a maximum energy of 0.1 volt. For

5
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avalanche breakdown to take place, approximately 5.6 eleciyvon

¥elel per alectron-hole pair mugh be produced. ‘Thus, the

abave £isld is not snough for iondzing collision, but this
field would still produce Zener breakdown {referenca 2}.

Congequently, the attempt to meXe & p-n Junction with a

Ahxaak&awn-vdﬁﬁage Below 5 voita rﬁqﬁixéﬁ neavier doping of

the p and n eagion. Thie reduces the width of the depletion

region in.which5§ particle can 2ain enevgy for an lonizing

ecllision, and the Zensr mwchanism besomes the predominant

é#ﬁKQAQf_brﬁakﬁ@wn;'

| At #oltag&é.iasa than the Tener or avalanne breakdawn;
@@dthér féx&:9ﬁ breskdown may occur because of the heat
produced by the current flowing through the depletion region.
The heat incresses the thermal gsneration of free electron-
hele pairs. This sffect is cumulative, and if the temperature
of the junckion becomes sufficiently high, & large current
incrsage will be observed. BBut this effesct is smmall in
camp&riamn to the Zener or avalanche and usuwally can be
ignored. fhersg i3 alég the possilbility of surface breakdown,
but devices are available that minimize this effect.

A typical surrent-voltage characteriztic of a dicde is
shown in figure 1. When the Jdiode forward current becomes
sufficiently large, & deviation in plotting the universal
diode equation is observed. This deviation is caused by a
significant vcltage crop produced in the contacts and sami-
conductor material. RAlso, when the dinde reaches brsakdown,

the diode eqguation no longer applies. The reverse Hreakdown

oo Ehn 0 i o oo T et 4 BT et s e
e e 4 8 e eSS i e o e 2 > o mooo oom mw o 2

wepe

Tumus

R e ;

PSS

e T AR A SN 4R




P PR L LI T s G Re i FO Y

3
(s
[

LA e Bl Sy peatem o

B SR R Tt S PSRN

ERRTEIT ey

NAQOGNVIY¥E IHINYIVAV
GNY UWENIZ 40 NOULLYNIAWO) ~—

® o d
wa/, oin Ny
£ " 6hnoanvyug
MINIZ AT3YILNE

ﬁgiw

1Y

W

»*

<t

@ o

€ s I i

id £ owm e
o daf far

4

H

40 1

1
i &y &)
i,

e I oL @

. @pota ® 3o OTIEfISRORIEYs SHEITOA-IUSIIND

&3

resn s et
2
°1 asxnbryg W
INI 400 | onrdoa | w
1
»><um:ﬁ@% »xu~dwxd
w |
“ ]
. m NMOONVI¥E
{ i THINVIVAY m
{ ~ =
i i ~
_ %
< \/w.\\
————
3\ /
A<1
SIILSIYILIVYYHI
Y30 NON
sa
VA IR A
SRR e S i i M s
i . —




IO A SRS T T, L Sy O e et o ST AR e T A i vTra

o R VIR

S :

",ﬁmcééitageZmay'ba anywhere from a few volts to around 1,000

::%ﬁlta. depending mainiy oo the conductivity of the various
‘ t%giﬁés {increasing the temperature also will increase the

~ gonductivity] and the type of material. The reverse break-

down does not have to be destructive, as some diodes are
purposely made to operate in this region. If the diode is
éperate& in this region, an external circuit is used to
limit the current to prevent appreciable heating and
peraanent &amaqe'tm the junction. However, by using an
appropriate heat sink, it is possible to make and use diodes
wiich can dissipate watts at their breakdown voltage. The

Zeney diodes, avalapche diodes, or breakdown diodes can be

used in the fields of voltzoe regulation and ~lipping, and :
for veoltage reference purposes.
The universal diode equation for an ideal reverse-~ !

biased diwie below breakdown is given by

Vi 1g = ipg(e® 7 -1) = - 1 (1)
§ where
i I, = reverse diode current
% IDS = bulk diffusion saturation current
% q = electron charge (1.6019 x 10719 coulomb)
{ : vy o o= voltage across junction (negative for reverse bl.as)
. k = Boltzmann constant (1.380 x 10723 J/°K)
\ § T = absolute temperature
E : %2 = 0.026 v at room temperature (T = 300°K)
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In reality, the total reverse current for a p-n junction 1is

the sum of three components, namely

lal
i

DS bulk diffusi~i saturation cuJsrent

surface leakage current

[

il
(]

G charge generation current in the depletion layer

Neglecting ISL' experimental measurements reveal that

at room temperature and above I is much greater than 1

DS
is so small that the

G

in germanium, but in silicon IDS

generation current I, predominates. IG has been shown by
A+

pPell (reference %) to vary as

I, = KqWhe (3)
where
K = proportiocnality constant which approaches unity
for a reverse bias greater than cne volt
W = depletion width
A = junctioun area
ni - np
e = = (o 3 )T = ) = carrier emission or
pr n= nr an‘p T pr generation.

From the above discussicn on avalanche, one would
expect the reverse bulk current in the diode to exhibit a

multiplication effect, that is

Ip = - M(Iyg + 1) (4)

9
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where the negative signg indicate conventional current is
flowinc from the n to tia p 3ide of the junction and M
represents the multiplication factor.

it is well known that the number of minority carriers

which are multiplied may be controlled by means of an

-..emitter junction which is positioned in close proximity

to the reverse-bhiased. multiplying collector junction

(reference 4). This type of behavior is often referred to
as an n-p-n or p-n-p avalanche mode of operation or as an

avalanche transistor. The device is capable of exhibiting

emitter current multiplication greater than one, and it is
used mainly in the field of switching (pulse generators,
counter circuit, regenerative pulse amplifier) and transmis-
sion application. Por switching application, it can have an
alpha greater than one and a negative resistance, as do

point-contact or hook-collector transistors. The negative

resistance region can be used to reduce losses in transmis-
sion systems. But the design of circuits vsing avalanche
transistors is quite difficult as the devices may be
unstable and/or display a high degree of distortion due to
the alteration of the collector characteristics from
avalanche multiplication.

In most transistors the switching speed is limited be-
cause of storage of minority carriers. However, in bistable
type circuits ﬁsing avalanche transistors, the collector

P junction never becomes forward biased (transistor never goes

10
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into the current saturation region) and the problem of the
usual storage of minority carriers does not occur. The
multiplication process is extremely fast and in most tran-
sistors this is on the order of nanoseconds. Thus, any
significant charge storage effect caused from radiation would
not seem to occur. Depending on the operating location of
this device, it is perhaps possible to pick out an operating
point that would minimize the change in output voltage under
radiation. This section will discuss the avalanche breakdown
theory and its application in circuits employing diodes and

transistors operating in their avalanche regions.

2. Diode Avalanche Breakdown Theory

McKay (references 5 and 6) used a modified form of the
Townsend discharge theory for gases to explain the avalanche
mechanism responsible for breakdown in reverse-biased
p-n junctions. In our derivation we will modify McKay's
derivation, and we will define an ionization coefficient @y
as the number of electron-hole pairs/cm3 produced by an
ionizing electron per unit distance traveled, and an ioniza-
tion coefrficient ap as the number of electron-hole pairs/cm3
produced bv an ionizing hole per unit distance traveled. As
shown in figure 2, the space charge region of a reverse-
biased p-n juncticn has a width w and plane parallel geometry.
In a step p+n junction, the n-region resistivity is much
higher than the p-region resistivity so that the depletion

region spreads almost entirely into the n-region. Also the

11
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reverse diffusion current and/or any diffusion primary i

photocurrent consists mainly of minority holes po/cm3 that
diffuse from the n-regic.. We assume that the number of

3

holes/cm” injected into the _pace charge region at
x =0 1s P and these holes are capable of producing
more electron-hole pairs in the region from x = ) to x = W.

We assume that the number of holes/cm3 created in the space

charge region by electrons and/or holes is Po- Then the
number of holes generated between x and £ + Ax can be

expressed as

p(x + a&x) = p(x) + Pgenerated ~ Precombined (5)

[———=SPACE CHARGE REGION -~

#TTTELERTRIC FIELD T =] .

P, o plx} —=d !
H——n(x)

T =P + P
n-type = ' Py~ 70 ¢ p-type
plxt+hx) —f"z"—n(xwx)
—
i X x+bx
0 W

Figure 2. Avalanche Multiplication Region
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We know that the time required for an ionized carrier to

cross the high field-space regicn of a typical diode is

f about 10-9 second or less, but the recombination times are
% of the order of 10_6 second (reference 6). Therefore, if

we assume that the loss of carriers by recombinaticn in the

AR

depletion region is negligible, then the neglecting of the

Py
Y i

*Wﬂﬂf\Wlmw‘meW T PRI

recombination term in the above egquation should not intro-

duce any noticeable error. Assuming that the generation

3

of a carrier/cm

3

is proportiocnal to the total number of

carriers/cm” there, equation (5) bucomes

p(x + &%) - p(x) = p(x)adx + n(x + ax)aax  (6)

Dividing by Ax and taking the limit as Ax - 0 we get

AU e

1
%
s

é dp(x) _

¥ ax = P(x)ay + n(x)a, = (pp-n(x)la, + n(x)e, (7)

3 where p, is the total number of holes/cm3 at x = W.

g The change in holes/cm3 (hole generation) must equal the f

% change in electron/cm3 {(electron generation) or, in equation

§ form, we say 5

: dn(x) _ _ dp(x) _ (o o ) . o :
dax dx ( n p,n(x) P P (8)

7 or E

dx

%) 4+ (@, - @ In(x)=-pga, (9)

P,
0

Solving the above first order differential equation, we obtain

13
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X n
_ \ ] P - 1 H
fo(ﬂnd&p,dx ) x Jo(an ap)dx §
n(x) = e Lc - sopTape an! (10)
Putting in the boundary conditions that a{x = W} = 0 and

n(x = 0) = Pp - P, and simplifying,

T 5 ) e QLR IRCoR D o

X
W ]
1 -~ Ic(an-ap)dx
1 1] - ==
| % . @ e dx (11) }
- . s . c Z -
where M pT/po. the multiplication factor. If & ap o,.

] an effective ionization factor, the above equation reduced to
1
1-5=0 o a (12)

which is McKay's result. An analogous expression holds for
electrons if the initiating carriers are electrons. As the

integral in equation (12) approaches unity, M approaches

i infinity; and when the integral attains unity, M equals

infinity and breakdown has occurred.
; ; ' In the above derivation we have neglected the past
: history of the ionizing carrier and have assumed that an or o

P
is solely a function of the electric field E. We have also

3

' assumed that at any instant of time the number of electrons/cm

3

% | and holes/cr” in the space charge region is relatively low
and that we can neglect their mutual and self-interaction.
. In the above analysis we have essentially followed only the

: history of one carrier. The other carrier will automatically

14
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be taken care of in order to record that one carrier has

B e

completely crossed the space charge region.

We can support the previous derivation by a simplified

mathematical treatment of avalanche multiplication. We know
that the carrier and those created within the depletion region
have a distribution of <energies, a distribution of time
between collisions, and a distribution of direction

{reference 2)j. Therefore, not all the carriers that enter the

R s R R R P I

depletion region nor those created will be capable of produc-
ing new carrier pairs. We can say then that there is a

probability that a given carrier or those created will produce

an electron-hole pair as it crosses the depletion region.

3

Suppose that n electrons/cm” enter the depletion region

such that P percent of them suffer an ionizing collision in

crossing the space-charge region. In an ionizing event an

electron-hole pair is created, but the pair together move the

s g o R R A S A

same distance that one electron would move in crossing the

entire region. Therefore if the electron and hole have the

A T TR

same probability for ionizing, we can assume that each pair

created has the same probability P of creating another pair.

3 3,

AN R

.

That is, ng electrons/cm

3

produce Pn_ vairs/cm

2)

these Pn
o

pairs/cm” can produce P(Pno/cm more pairs, etc.; or the

3

ot o O

number of electrons/cm” leaving the transition region under

these conditions is given by

L A

Noge = P * POy + P(Pno) + P(P)(Pno) + ... =n E; P (13)

R o SIS, P e
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If we define the multiplicatior factor as the ratio of the

number of electrous/tm} leaving the region to the number

which enter, we can solve the previocus equation for M and

oktain
B - .k 1
M= zut = L P = g when le] < 1 (14}
() k=0

using the properties of a geometric series. P in tae above

theory can be related to previous discussion by

W
y:-.goae(x)dx:l--}l | (15)

which is less than one except at breakdown where M - =,

P -1, ana

w
(’o o (E)ax = 1 (16)

o

! If P is equal to 1/2, M is 2 and only half of the pri-

. mary electrons on the average have ionizirg collisions.
Siﬁilarly, only half of the first generation pairs can pro-
duce ionizing collisions to form second ,eneration pairs; only
half of the second generation pairs can produce ionizing col-
lisions to form third generation pairs; etc. This form of
behavior is illustrated in figure 5 for n, equal to feour. It
must be kept in mind in this diagram that each ionized pair

is treated as one carrier having the ionizing probability

16
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P of 1/2, The subscript o in the figure indicates an initial
carrier entering the region, and the subscript i indicates

an ionized carrier, ‘ : < s

DEPLETION REGION '
s |
JUNCT1OM
<
P+ n
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s
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HAS A PROBABILITY OF 1/2 l
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O - IOHIZING EVENT

Figure 3, Pictorial Repyesentation of Avalanche Multi-
plication for P=1/Z
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It has been shown by Miller {references 7 and 8) that

- P and M depend on the reverse riae, vj, applied acrsss the

| depletion region{ When Vj =0, =1 and p = (8, and, when

'Vé_“'the avalanche breakdown voliage VB' M- o,and P -~ 1.
T yeasonakle fit to experimeantal data which also satisfies

the above properti=s is given by
V.,
= { o .
e (v } {17)

where n' is an empirical constant depending on geometrical
factors and material constants. Substituting the above

expression far P into equation (15), we obtain

(18)

A typical plot of M as a function of Vj

4 for different values of n'. From this plot one sees that

/va is shown in figure

the multiplication for low value c¢f voltage is very small
and can be approximated by cne. However, depending on n',
above a certain threshold vouiiage the multiplication effect
takes over and becomes large.

As discussed in Appendix iII, the depletion region of
a p+n junction expands almost entirely intc the lightly
doped n-side, and the following approximations hold for
the depletion width W, the electric field E, and the

junction voltage Vj:

18
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for 2 reverse-bhiased condition as above, Vj is negative,
and it includes the externally applied voltage and the
built-in ccntact potential). In the Zenar rypothesis,
breakdown occurs when a critical field is reached anywhere
in the junction. This critical field is a constant at a
civen temperature and would be reached at the breakdown

voltage, hence,

1/2 1/2
(E,) = constant =,/ 29 lv.] w
0 ‘r‘o B D (22)
or
2 € <o
(constant) 7———
Vp = N, (23)

19
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Aty T 715) B
2
N i
9 : M
E = f{’“—l) xsl{%-x-l):-wsxse i
o W (20) :
Y E_W Ezw2 ]
-V. = g E - dx = “15-— -—'—!;—. g
3 X (21a) -
-2V, -2V IVQN ]
E, = 1 = .,/ 23 UV [y,

V-2 g (21b)
where W, is the junction width when the reverse Liaus is g
2
1 volt, E, is the maximum electric field, and '\3'_j ig the ?
junction bias measured with respect to n side (i.e. ]
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'Thus, the Zener theory predicts a3 breskdown vweltage which

- is inversely proportional to the doping 5enﬁiﬁy.of ths

ilightly doped side or proportionel to the resigtivity of
thie lightly doped side. The Zénef theory has been
éipeiimeataily shown not to hold, but that breakdown can

be é@&czibed from the avalanche-théery.

sk ky>ky >k,

. a

v,
v
B
Figure 4., M as a Function of Vj/vB for Different Values
of n?t
At very high multiplication rates, the number of
electrons and holes participating in the avalanche process
is essentially equal, and so one would expect the break-
down voltage of a p+n or an n+p junction to be

approximately equal (reference 8).
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In germaniiw. the icnization rate for hcles is greatex
than tﬁaﬁ for glectrons by about a factor of two. This
difference between the ionization rates is reflected in
the empirical multipiication laws for p+n and ntp diodes.
in an n+p junction the average icnization rate initially
starts up the electron ionization curve for low veltages.
4s the voltage increases, & higher and higher percentage
of the particles participating in the avalanche process
is holes. Thus, the pultiplicaticn riges sharply with
increasing voltages as the average particle ionization
rare rises toward the hole ionization rate. A similar
argument wouid tend to make %he multiplication in a p+n

junction more gradval.

3. Avalanche Transistor

Three basic modes of use for switching transistor
circuits are the avalanche mode, saturation mode, and
current mode. The area the switching transistor circuits
fall into depends on the operation conditions and the
portionsg of the transistor output characteristics utilized.
In all three modes, the c¢ff region is characterized by the
intersection of the load line with the cutoff region of the
transistor. In a saturated mode switch the maximum voltage
change which occurs at the collector with switching is ap-
proximately equal to the cocllector supply voltage. However,

as we shall see later in this section, tlie maximum allowable

21
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voltage swing in the avalanche mode depends not only on the

cal 7

characteristics of the transistor, but alsc on the transis-

e

tor base circuitry. Basically, avalanche mode switching is

v e 4 b g (A 0 W 01 et

nothing more than a rapid transitiorn from collector base dicde
bxeakdown to the collector emitter type breakdown.

§ Transistors operating in the avalanche mode can give

rise to nanoseconds rise time pulses by operation in the

negative impedance area of the common-emitter-breakdown

region. The area of operation of an avalanche transistor
may be understopd with the aid of figure 5, which shows an
n-p-n transistor biased in the avalanche mcd.. Initially,
} we bias the base s¢ that X = I is a small reverse base

BR BRl
current, which maintains the transistor operating at point A.

If a positive pulse i3 applied so that the base current is
§ reduced to zero, the transistor operating point shifts to
3 point B' within a few nanoseconds (aséuming VCC can supply the
current through RC and the device can dissipate the power).

After the trigger pulse is over, the operating point shifts to

B and remains at that point. However, if a negative pulse is
; ! applied so that A is the only stable operatiny condition on the
| load line, then the transistor returns to A. Point A' is not
a stable point because of the inherently negative resistance
of the device at this point.
Some of the main advantages of avalanche circuitry are its
extremely fast rise time, low cost due to few circuit components,

22
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Figure 5. Typical Bias and Characteristic of a
Transistor in a Basic Avalanche Mode Circuit
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. minimus temperature sensitivity, large voltage and current
| gain, and amall delay time. However, associated with the

advantages are disadvantages, such as large ratio of recovery

i L e L
A LA 1

d tive to rise time, a delay time associated with the input,

limited repetition rate because of transistor power dissi-

pation capability and circuit design, and possibility of

transistor failure. However, not all the disadvantages

{> listed have to be present in a particular application, as
: they may be minimizad without compromising the advantages
of avalanche circuitry. :

It.has been found possible to design an avalanche
tranéistor pulse generator with peak power of about 500 W {

and voltage comparison circuits that have nanoseconds rise !

T

timegs. The shape of the voltage pulse can be changed by 3
using charge lines, and the turn-coff time can be decreased i
with the use of another avalanche transistor. Most of these

circuits require some means of driving the transistor into

avalanche and'then bringing it out again, which can be

accomplished by various methods. The circuits we will

discuss have been designed for practicality and for under-

E : standing transient radiation effects rather thran optimi-

zation of circuitry. Avalanche circuitry has not found too

great an application in loygic circuits as avalanche circuits '

g R R gy

are usually a-c¢ coupled, which prevents the circuite from
remaining in the "on state" for long periods of time.
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As has been discussed earlier, avalanche multiplica-
tion occurs in a reverse biased p-n junction as a result
cf impact ionization produced by mobile charge carriers.
As a result of this ionization, we defined a multiplication
factor M as the number of electron-hole pairs produced perx
carrier entering the depleticn layer. This increases the
normal bulk leakage current by M. At high ensugh
voltage; the multiplication factor becomes infinite, and
breakdown is attained. In a silicon diode most of the
ionizing carriers are thermally generated: however, in a
transistor, both the injected carriers and thermally
generated carriers will be multiplied. The injected
carriers into the collector depletion region can be con-
trolled by the emitter and base currents.

A good empirical fit to the breakdown characteristics

of many transistor types is given by (reference 9)

1
M= T
L ( VCB >n
“\sv o .
CBO (24)
where
VCB = collector to base voltage
BVCBO = collector to base breakdown voltage with the
emitter lead open-circuited
n' = empirical constant that varies from approx-

imately 2 to 10
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The parameter n' controls the sharpness of the onset of
breakdown. The larger n' is, the sharper the onset of

breakdown. Tnat is, M continues at nearly unity until VcB

approaches very close to BV‘CBO for large n' and then

increases rapidly. If we multiply equation {24) by «{o is

the common-base current gain which is less than one) and

define.vcal‘-‘- V,u+ We find that
aif=1
v
aM — ( 1/11'
= (1 - a) (25)
BVepo

The common emitter current gain f is equal to-iga, S0 the

above expression reduces to

Ve _

-1/n' 26)
g (B +1)"H" (

This result indicates that v&M is some fraction of BVCBO'

The behavior is shown in figure 6. The figure indicates
that the larger n' is, the less dependent VyM 18 on 8 and

the closer v& is to BV B

M CBO"*
that ¢ and n' are a function of current. ¢ increas~«s to a

It should be pointed out here

peak at low currents and V&M tends to de~rease. However,

as current levels increase, we also have the depletion region

widening. The tendency here would be for multiplication to
decrease or n' to increase with a resulting increase in v&

26
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Since the two important parameters of avalanche

circuits are V _ and BV . circuit designers have been
aM CBO

reluctant in the past to use avalanche circuitry in appli-

cation where consistent results and reliapility are required.
However, in the last couple of years high speed transistors
have become available on the market, which have a high

degree of reliability and consistent valves of VQH and BVCBO

due to better manufacturing techniques.
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Figure 6. Behavior of VaM/BV

cpo Versus (Bo + 1)

If a current IE flows through the emitter of a transistor,

RTITE g B :

% % then aIE reaches the collector junction. However, incorpcrat-
ing the multiplication factor into the current observed in

the collector, we can express the total collector current
with multiplication as

I, = M(aIE + I

c ) (27)

CBO

where I is the normal collector-base reverse leakage

CBO
current due to diffusion or charge generation without the -

27
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presence of the multiplicatiocn effect. Here we :re saying
that in the presence cf avalanche multiplication, the transis-

tor behaves as if its common base current gain were a* where

*

¥ = Mx (28)
Since I = I, + I, equation (27) is solved for I.. yielding
I, = (ex_ +1I__) = —L(aI + 1) (29)
¢~ T-om ‘**B " ‘cmo/ TT _'“B " ‘cmo 2
M

If oM becomes greater than unity, the base current must

reverse to satisfy the equation (29). Thus, any VCB in

excess of Vaﬁ places operation of the transistor in the

avalanche region. Designating -IBR as the reverse base

current necessary to satisfy equation (29) when V. is great-

CB
er than V_, and substituting equation (24) into (29), we

obtain

_ ICBO - UIBR
Ic- ]

vCB °
- (?3"753'(;) - (30)

Assuming that VCB RS VCE and solving for the collector-emitter

voltage VCE'

[y ?
oI I 1/n

CBO
v = BV [l - o + - ]
CE CBO Ic IC (31)

28
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As i. becomes large in comparison to IBR and ICBO' VtE

becomes

: 1/n'
E Ve = BVepoll-2) (32)
This is the same result as the voltage Vau which we obtain
for the case oM = 1. The implication here is that for

‘

high I approaches v, regardless of the condition at

c’ VCE M

the base (reference 9).

sSal i

Consider the circuit in figure T where oo is the base

spreading resistance. We will assume that until the base
emitter voltage Vaig exceeds the contact potential Vop of

the base emitter junction, all of IC flows through the base

e ey R SRR

{reference 10). This is because the built-in contact

23
& -

potential of the base emitter junction causes this junction

to be reverse biased. The flow of leakage current through

Mg

3 Yh and Ry produces a voltage that attempts to forward .

bias the base emitter junction. The current continues to

flow out of the base as long as VB'E is less than VCP'

Figure 7. Variation of Breakdown Voltagz Between
Collector and Emitter by Base Circuit.:
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After Vaip exceeds the contact potemntial, the base emitter

junction becomes forward biased and all the additional
currents flow through the emitter. The resulting brezkdown

is labeled BVCBX' where BVCEx

voltage between collector tc omitter with a specified

is Jefined as the breakdown

circuit from base to emitter. Thus, for breakdown we require

Vg = MIcpo [Ry * rppl - Vpp = Vep (33)
Solving equation (33) for M and setting it equal to equation

(24} {(assuming Vep = VCE) and solving for BV we obtain

CEX’
1/n'

av = Bv. (1- Icno‘RB+rbb))
cex ~ PVemo Vep™op (34)

If£ V. = 0, this breakdown voltage is labeled BV,

BB Er °F

CBO(RB+rbb)\l/n'

v /

1
BV = BV (l -
CBO cp

CER

(35)

vhere BVCER ig the collector to emitter breakdown voltage
with a specified resistance between base and emitter.

Also if RB = 0, the breakdown voltage is labeled BVCES or

1/n’
ICBOrbb)

BY = BV (l -
CES CBC VCP

(36)
where BVCES is the meisured collector to emitter breakdown
voltage with the base shorted to the emitter. Equations
(34), (35), (36). and (2?5) indicate that the breakdown

voltage of the collector to emitter is somewhere between

30
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F V., and BY depending on the condition of the base
: aM cpo’ “°P g n - |
circuit. This typical behavier is illustrated in figure B8,
5
but the exact shape depends on the variation of B with Ic. ?
The variation of p with I, depends on the transistor fabri- ;
cation methods (alloy, planar, epitaxial, etc.) and thus, g
i
the breakdown characteristics can have a variety of shapes. H
i !
:.E

! f

ey

DM | et
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Figure 8. Typical Behavior of BV, with Base Circuitry
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Once a transistor is operating in the avalanche region,
a piecewise continuous model can be evaluated to determine
the circuit stability. The collector to emitter incremental
é resistance T is defined as the differential change of
voltage with respect to the collector current at a given
operating point. From figure 8 and equation (31), this

value is negative once the device triggers and approaches

zero for high Ic.

i : The incremental capacitance is defined as %%. If we

assume we are at point A shown on the figure above and a

gy v
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negative change in voltage -AV is applied to the collector
emitter terminals, a resulting increase in current Aj occurs.
The stored charge must also increase by an amount Ag

and the &vaiaache~gapacitance is given by

Sl Ak R (37) |

The C, as indicated in the previocus equation {37) is a negative

value throughcut the negative resistance region. As point A
moves to a higher current, the same -AV will result in a
much larger Ai change.

The mair point (o ke made in this short discussgicn
is that at the collector emitter terminal a nsgative nonlinear
output resistance and capacitance will be cbserved for a
transistor coperating in the avalanche mode as shown in the

equivalent circuit in figure 9. At high I.. - O and

o
C,~ - ®; while at low I, r,~ = and Cy ~ C {reference 9).

N

A
] ic ' c :

r - R Y
A = L | o

L . |

+ —— :
EVQH -T -—d‘ltf A% AﬂCE
1: vuM

Figure 9. Equivalent Circuit of Collector Emitter
Terminal with a Resistive Load and Static
~haracteristics
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‘the single pole of the transistor eguivalieat ciyxcuit

can be found by inspection and can b: shown te be

R T Y

(38}

For the circuit to be stable, the absve pole must be

located in the left half of the complex piane. This

requires that - < L%—I or R, > {rAI for s stuble point
A

R

and thus the natural frequeacy corresponds to a decaying

w
Y
)
0
>
'
P L LI T8 St G L R R N

transient. However, if R < frAi, the operating point is
unstable and the natural frequency corresponds to a growing
transient. The operating point will then move in the di-
rection of the disturbing signal urtil a stable peint is

established. Thus, for the characteriscics shown in figure

3, point B is unstable (RL < IrAI) while point C is stable
(Ry, > |r,lj. Point A is stable as the device is not in the
ava.anche mode, and the transistor therefore has positive

conductance and capacitance.

e T S e I O RO U

An avalanche circuit, can then be triggered from the off

B e . - e
5 e T AR RS : Y R R M SR S e SRS SR ST SN S e e

state to the avalanche by making ﬁrAI > K . This can be

' accumplished by decreasing the magnitude of the base reverse

% current or increasing the collector voltage. To make the

transistor return to the off state,erl must again be made

greater than RL which can be accomplished by the inverse of

either of the above two methods (reference 9). 9
Ore of the circuits tested under nuclear radiation is

the one shown ia figure 10. The d-c load line was selected

to yield a single stable peint in the off state. The supply "
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Figure 10. Basic Trigger Avalanche Circuit Employinz a
Capacitor for Energy Storage and Its Volt-
Ampexe Characteristics

voltage charges the capacitor through RC £e a voltage VCC

slightly less than the breakdown voltage BY The static

CEX"
load line (l/Rc) is chosen so that it does not intersect

the low voltage breakdown curve, and therefore, not give
rise to latch-up and thermal destruction. The dynamic

load is not too criticai except that a minimum peak current
should be obtained to have przdictable avalanche switching.
Since we were using a 50 G coaxial cable transmission system,
RL was chosen to be 50 7. As the circuit indicates, the
bas@ current is reversed and the base emitter junction may

pe slightly reversed biased. The multiplication factor at

this point is large because V

1 4
ce is close to BV

CRO® If some
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positive pulse or sigrificant amplitude is applied tc make

the "off point" unstable and lower the breakdown voltage, the
trangistocr essentially fires and switching occurs. However,
as the transistor is switching to the on state , the tran-
sistor collector voltage is decreasing. This in turn decre2ses
M, which makes the build-uvp proceed more slowly until equilib-
riam is reached. During this time we assume that the supply
voltage cannot supply the :mrrent through RC to maintain
ccaduction in avalanche, and all the current must come

from the capacitor. The capacitor then discharges rapidlv
through the transistor and the load resistor RL' The volt-
2ge  across RL and the colliector drops very rapidly and
reaches a negative maximum peak in a few nanoseconds. After
the voltace across RL reaches a peak, it decays to zero as

£ v.,

o

vc ‘ -4-52%/,”’g$" t!i-'

{tw-~l to 3 nanoseconds

cc T=R_C

aM
E

(ad

<

Figure . Typir-cal Triggering Pulse, Output Waveform,
and Waveform at Collector
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1 % the capacitor recharges. When the capacitor has dis-
; % charged, the collecter voltage, as shown in figure 11, i
1 : ? remzins for a time at the sustaining voltage, since the
Iséé: transistor takes a finite tiwe to recover and return to
;g 1 the initial state. The pulse width depends upon R and
‘ Cl.'an& increases as c1 increagses. Assumg thai the pulse

Rl A

width recovery is primarily determined by the time required

to recharge £,. The recharge time is determined by RCCl
time constant which can be varied. However, Rc must not be §

made 00 small in order to prevent sustained conduction and

remain permanently in avalanche. C, is usually fixed by the

avalanche turn-~on transient and pulse width requirements,

B R

and some different approach must be taken to reduce the
repecition rate that avoids the danger of latching. Two

possible solutions to this problem are illustraced in
figure 12.

One circuit shows a diode returned to ground through

g V'cc which is less than the breakdown voltage of the transis-
: tor. This allows the VCC supply voltage to be increased
beyond the breakdown voltage, and therefore decrease the
required time to recharge C1 and hence increase the repeti-
tion rate. The other circuit employs an emitter-follower

action of T2 which reduces the charging time conscant.

A single transistor operating in the avalanche mod=

which can be made to generate pulses (negative nr positive)

with controllakle duration and amplitude is shown in

figure 13 {references 9, 10, 11, 12).
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Figure 12. Exteinal Components. Added to Basic Avalanche
Circuit to Increzse Repetition Rate

50Q CHARGE LINE

) Re

i
VBB -

Figure 13. Avalanche Delay Line Generator
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A negative pulse is obtained by placing Ry, in series with
the 50 { charge line to ground. For the purpose of cal-
culating the outpur waveform, we will use the equivalent
circuit shown in figure 14 where avalanche breakdown is

; indicated by closing of the switch 82 and opening of switch

sl'

b b gl

Figure 14. Equivalent Circuit of Avalanche Delay Line
Generator in Avalanche Breakdown

During the transistor off cycle, the charge line
essentially behaves as a capacitive load and charges tc VCC
through Ry If a positive pulse of significant amplitude

38

is now applied to the input, the transistor breaks down and a
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positive pulse appears at the output. Tnis pulse has an
amplitude V = Voo - Vau' The initial charge line current
was zero, so a step current starts down the line at t = O+
. -V
1{04) = g
+E
Rotfy (39)
where the delay line appesrs to be a resistance equal tc
its characteristic impedance RQ. when this current reaches
the end of the lire at t =T, {where Ty is the one wave
propagation time of the line), it is reflected as a current
step by a reflection coefficient £ given by
B
+R .
Rt (40)
where RT is the terminated resistance of the charge line.

In our case we are using an cpen line and the pulse is

TR A TT

completely reflected with a change of polarity {(i.e., ¢= -1).

at t = Z(Td+) the pulse has reached the begiuning of the-
line and has been reflected by

SR ki
Re*Ro (41)

The.eiuvre, the total line current at t = 2T+ is

R Ro (R, Ro)V

iyl

i(2Tg+) =

If we neglect the small current contributed by VCC

through R,, the transistor current ic will he positive at

39

R+ +FZ ’( +R)§_¥ = P2
otRL  Fo*Ry  \Rp¥RG/ RpFR (R Ry (B2)
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t = 27, for R, > R,. Hence the transistor would remain in
avalanche and wore reflection would occur. The output
vo;tagé'aéross R, wouid then conzigt of a staircase type
w&v§§k§pe w}th each lewgl éeparatod by ETé time intervals

rather tnen & rectangular puifs cutput. 1L Ry < Ry,

. we would have a reversal of vollector current at t = 2T,

which would tend to turn the transistor off. Refiections
ray npow occur on the lire, but since the traﬁsister is
ént'cff a#d exhibits high impedance, they will not appear
acrcss RLV However, if RL ='Rg, the'traﬁsistor wouid go

ot of avalanche with the resultiny opeéning of switch 32‘

elosing oi'switch Si‘ and the dropping of th! output voltage to

zery. In either case, KL = RO or RL < R, ., thers will

appear across RL at ¢t = 0t o positive pulse given by

Van-V

; - " CC "aM

Vplo+) = HONR, ~ g5 R, Ru (43)
As skown in equation {#3}, the cutput voltage is adjust-
ablg through Vpop, R, and Ry- The pulse duration 2'1‘d can be
controllzad by the type and lzngth of charge line. The
output voltage is positive and can have a maximum amplitude
Of Vpg-Vuy For Rp >> Ryi however, this condition will result in
reflections on the load. This occurs because the pulse
amplitude VL on the charge line is given by

Ro
v (0+) = (VeeVou) R ¥R,

(44)
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The pulse goes to the end of the charge line and is com-
pletely reflected without a change cf polarity. At

t = ZTﬁ it returns to the collector and increases the
voltage by the same amount as at t = O+ with a reduction
of the voltage across RL’ However, this reflected voltage

would be too small to reduce the co.iector current signif-

icantly to terminate the pulse.
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SECTION III

NUCLEAR RADIATION EFFECTS ON AVALANCHE p-n JUNCTIONS

1. Effects of Radiation on Semiccnductor Components

When a burst of nuclear radiation, composed of both
neutrons and gamma rays, is incident on a semiconductor
component such as a diode. it is observed that the compo-
nent rated value changes. The peak magnitude of the rated
value chkaage is a function of the intensity of the radia-
tion, the time behavior of the pulse, and is dependent on
bath: the material of which the semiconductor component is
made and the surrounding environment of the component.

But there is at least one fundamental difference in the
phenomena generated by neutrons on the one hand, and X rays
or gamma rays on the other hand. Roughly, neutrons primari-
ly cause permanent damage to the material (physical proper-
ties change), while the effects of gamma rays or X rays are
usually transient effects (reference 13). Some of the
transient effects caused by the saturation of the circuit
can last longer than the radiation pulse. For the most
part, the neutrons interact with nuclei, causing, for example,
dislocations within a crystal, transmutation of atoms,
insertion of extraneous atoms or changing of chemical bonds,
whereas photons are atomic interaction within materials and
usually just produce free electronihole pairs. In a nuclear

weapon environment (fusion) most of the ionization produced
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is due to the l4-Mev-neutrons and to the gamma rays of the radic -
tion, but ail nuclear particles can contribute. However,
in this report, we will assume the neutrons cause jist per-

manent damage and the X rays cause just transient effects.

B O e R e S TS

Past experimental evidence has showvn that semi-
conductor devices (diodes, transistors, etc.) are the com-
ponents most sensitive to nuclear radiation and that reduc-
tion of the radiation sensitivity of these devices is
necessary for a nuclear hardened system. Usually they are
the devices which are responsible for most of the temporary
short-time current and volcage signals that pertur an
electronic system. The zemiconductor devices also undergo
significant degradacion before cther components, which leads
to systems failure. In this section we will review experi-
mental and theoretical aspects of radiation effects on semi-

conductor components caused by photons and neutrons.

2. Transient Efrfects

If a diode or transistor in a circuit is exposed to a
pulse of X ray or gamma ray, the condition of the circuit
will be modified by passing from ite steady state condition
before the radiation pulse to a state of excitation that
will depend upon the intensity and duraticn of the pulsze.
When the radiation pulse has ceased, the circuit will then
relax to its previous conditicn of e2guilibrium within a

characteristic time. This effect is due te the creation of

excess electron-hole pairs from ionization. These effects

L3




usually do not directly cause permanent damage to the
material, but because of a current overload the ionized
carriers they produce may cause permanent changes to the
semiconductor. However, high-energy gamma and X rays <an
undergo interaction with a nucleus producing excitation
and transmutation, but in thig subgection we shall mainly
concern ourselves only with the production of free
elsctron-hole pairs by the incident radiation.

¥hen X rays interact with matter there are three
predominant mechanisms of interaction. They are the photo-
electric, Compton, and pair production effects. The
relative im ortance of sach of these depends on the X-ray
energy and the atomic number of the apsorking material.

For low energies (= 100 kev) and large atomic numbers
the photoelectric effect is the predominant process. The
photoelectric effect is tlie process whereby the energy of
the incident photon is totally absorbed in ejecting an
electren from an atom and imparting kinetic energy to it.

For energies between 100 kev and 4 Mev the Compton
process becomes important. It represents an interaction
with an orbital electron of an atom to produce an energy-
degraded photon and a recoil electron.

At higher energies, above 1.0Z Mev, the pair produc-
tion process becomes increasingly important with increase

in photon energy. Pair production is an absorptlon process
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for X rays in which the incident phcton is annihilated in
the vicinity of the nucleus of an atom, and an =zlectron-
hole pair is produced (reference 14).

Whnen an X ray hits the semiconductor, electron-hole
pairs are produced throuuh direct iéﬁization by photons
or by the slowing down of c¢lectrons and positrons. 1In
most materials an amount of energy egnal to two to four
times the ionization potential of the material would be
expended for each ionization produced. The energy spectrum
of secondary electrons due to X-ray interactison “epends
upon the type of processes involved in their generation
(photoelectric, Compton, or pair production). The first
generation of electrons will have predominantly high
energies. The spectrum of the high energy secondary elec-
trons is of the form of an inverse energy squared function.
If this gpectrum still has some high-energy zomponents,
these components are capable of producing further ionization.
These electrons will then continue to lose their energy by
further inelastic scattering until finally they are trapped
or recombined (reference 14).

Ionization within a semiconductor therefore results
in the production of electiron-hole pairs. The hole -
electron pairs may carry current either by diffusion, when
there is a carrier concentration gradient, or by drift when
there is an electric field. Since opposite charges

attracc, the free electron will be attracted towards the
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positive terminal, and the hcle moves towards the negative
terminal in the presence of an applied electric field
(reference 15). The total current flow is the sum of the

hole- and electron-current components, and for a one-

I RSN Y T ¢
XN

dimensional flow they may be expressed as

3 . 3an
- + P
Jn = QUpnE * 9D, 0 (45)
3. = qupE - gp_ 3B
p p P 3x (46)
where
£ j,, = electron current density (ampere/cmz)
| jp = hole current density (ampere/cmz)
q = magnitude of electronic charge (1.6 x 10 coulomb)
u, = electron mobility (cm2/volt-sec)
u, = hole mobility (cmz/volt-sec)
n = electron concentration (cm'B)

p = hole concentration (cm'3)
E = electric field (volts/cm)
D_ = electron-diffusion constants (cmz/sec)

DI 3 hole-diffusion constant (cmz/sec)

The first term in the above equation represents the
drift-current component (proportional to the electric field),
and the second term represenis the diffusion-current
componsnt {preporticnal to the concentration gradient of

carriers). Since the diffusion of carriers results from a
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density gradiert (i.e., the tendency of particles to move
from a region of high concentration), one can see that
thie shorter the distance in which the electron density
changes (i.e., the greater the gradient of density) the
larger the diffusion current will be {reference l€).

If the air surrounding the semiconductor is ionized,
the positive ions and electrons produced can move. But the
positive ion has a much smaller mobility than the free
electron of the air, and it does not add much to the
flow of current. The electrons produced by ionization of
gases around a semiconductor device often contribute
significantly to the results of transient radiation measure-
ments unless preventive steps are taken (references 17 and
18).

Sooner or later the excess electron-hole pairs
produced by radiation are captured and can no longer contrib-
ute to the transient effects of the circuit. One method of
immobilization would be by direct recombination of the
electronsand positive ions. But this process happens very
rarely as the probability of an electron coming -sithin
range of attraction of the positive ion is very small.
Instead, more complicated multistep processes (trapping,
attachment, and defect centers) are responsible for
electron capture.

In semiconductors, where the freed electron occupies a

state in the conduction band, the electron returns to a

bt
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valence band state in several sequential transitions by
means of a recombinaticn center. These recombination
centers are discrete levels located near the center of the
forbidden-energy gap. and are so called because they aid
the recombination between electrons and holes. This pro-
cess simply amounts to the center first capturing an
electron and subsequently capturing a hole. A recombina-
tion center thus has a large capture cross seciion
(probability that any localized level can capture an excess
carrier) for both electrcons and holes. In some cases,
depending upon the atomic origin of the level, the level
has a high-capture cross section for one of the mobile
carriers, but an extremely small cross section for its mate.
This level is called a trap because it tends to trap the
carrier for which it has the larger capture cross section
without capturing the other kind of carrier. Some trapping
phenomena have been observed in which excess mobile
carriers have been held for hours, or days, as in the
formation of F centers in alkali halides (reference 13).

In a typical germanium or silicon transistor the
recombination time 1s usually a few nanoseconds to a few
microseconds. The reccmbination occurs indirectly by use
of a recombination center and the rate of recombination is
a function of the concentration of these recombination

centers. The purer the material the longer is the lifetime
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of excess carriers. The maximum experimental value for
very pure single crystal silicon is about 500 micro-

seconds.

a. Transient Effects on Diodes

Irradiation of a semiconductor p-n junction produces
an excess carrier concentration. With constant voltage
applied to the junction, the resulting current pulse
depends on the radiation pulse width, the pulse shape,
intensity, and the recombination time of the minority
carriers. When the recombination time is long compared
to the radiation pulse width, the concentration increases
at a rate proportional to the radiation dose until the
pulse is shut off. Then the semiconductor relaxes to its
preirradiation sceady state value within some character-
istic time. But if the recombination time is short
compared to radiation pulse width, then the excess-
carrier concentration is proportional to the dose rate at
any particular time and follows the shape of the radiation
pulise.

A typical variation of majority and minority carriers
in the vicinity of a one-dimensional germanium p-n junction
is shown in figure 15. Solid lines indicate the equilib-
rium carrier concentration under bias before irradiation,
and dotted lines indicate a cypical carrier concentration
immediately after irradiation (reference 18). 1In a reverse

bias condition the minority carriers constitute the

4o




leakage current (see figure 15a). Because the holes in the
n-region are injected inte the p-region and electrons are
injected irto the n-r:gion, the direction of current flow
is from the n-region to the p-region.

When the diode is irradiated by a pulse of ionizing
radiation, electron-hole pairs are generated uniformly
throughout the device. Since there is a built-in electric
field, and perhaps an externally apnlied field across the
junction transition region, the carriers generated in
this region will be swept across the junction and collected
in less than a few nanoseconds. If the radiation pulse is
much wider than a few nanoseconds, these carriers consti-
tute a current which has essentially no time delay relative
to the radiation pulse. For this reason this current is
referred to as the prompt pho*tocurrent component.

In the regions outside of the junction transition
region, there is a transient increase in the minority
~arrier densities as shown by the dotted lines in figure 15a.
As indicated by the dotted lines, the minority carrier
density gradients at the edges of the junction have increased.
This would increase the minority carrier diffusion tendency
(i.e., density gradient) in the vicinity of the junction and
more carriers would diffuse towards the junction. Most of
the excess minority carriers, which are within a diffusion

length of the junction diffuse to the junction and contrib-

ute to a transient current. However, on the average, excess
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minority carriers generated in the p- and n-regions greater
than one diffusion length from the p-n junction 4o not
reach the junction before they recombine. Therefore, they
do not contribute significantly to the transient current.

The diffusion component of current generally takes =z
time which is large compared to the duration of the radia-
tion pulse to diffuse to the junctiocn. It is therefore
referred to as a delayed photocurrent component. The
excess holes in the n-region diffuse towards the p-region,
so that the radiation-induced dezlayesd component of
current is from the n- to the n-region. Since the depletion
and diffusion photocurrent is in the same direction as
conventional current flow in a reverse biased diode, the
net resutlt is a transient photocurrent superimposed on the
steady state leakage current.

A forward biased junction can be regarded as a short
circuit in most instances. The voltage cdrop due to applied
voltage across the junction will be small and normally will
not cumpletely cancel ocut the built-in junction potential.
Thus, an electric field will still exist in the same direc-
tion as in a reverse biased junction. Carriers which are
generated in the junction transition region will, as before,
be swept across the junction by thic field and collected
within a few nanoseconds. This current will be in opposi-
tion to the normal fcrward bias current. As indicated by

the dotted lines in figure 15, the majority carrier
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densities immediately after irradiation will nel Ds alte

appreciably ’ for yadiation levels that 4o not generate

3 -

majority carriers comparable te the normal squilibrium

vailues), put the minority carrier densgity gradient will

decre2ae. Tha net affect of pulsed X rays on a forward

biwsed junction is a transient photccurrent opposite in

direction to the normal steady state current.

The derivation of the ijunction transient current is

rod

given by Brown, van Lint, Caldw=ll, Keister, Wirth, et al

(references 19, 20, 21, 22, and 23). The transient primary

photocurrent response of a raverse biased diode (assuming

that the contacts are greater than several diffusion lengths

from the junction} to a burst of ionizing radiation has been

shown to be given by

i
PP

- (wt + Jﬁﬁfn erf J{E-t /7 _+

(t) = aagl(w, + /D7 erf VE/T + /D 7  erf vE/7 Ju(t)

VBT, ext JTETE/T Ju (-t )] (47)

where

the electron charge = 1.6 x 10+ coulombs
2

= junction area in cm

= electron-hole pair generation rate = pairs/

3

sec-cm
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= radiation induced primary photocurrent in amperes
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W, = depletion layer width in cm

D_ = diffusion constant for minority electrorn in
the p-type material = cmz/microseconds

Dp = diffusion constant for minority holes in the
n-type material = cmz/microseconds
™ = lifetime in microseconds for the minority

carrier electrona in the p-material

Tp = lifetime in microseconds for the minority
' carrier holes in the n-material
ugt) and
u t_ta) = unit step function turned on at t=0 and
t=t,. respectively
X
2 ke -xz
erf x = —— S e dx
) JT o

In BAppendix II it is shown that the width of the
depletion region is a function of the bias voltage
(references 24 and 25). Thus, the primary photocurrent
consists of the following two components: (1) a
diffusion component that is contributed to by
the p and n regions; and (2) a drift
component that is contributed to by the depletion layer.
The primary photocurrent prior to breakdown has been usual-
ly considered as a current generator connected across the
junction as shown in figure 16, Figure 17 shows a

typical response to be expected for various approximations

t
The behavior of ipp as a function of voltage will depend

of W, I, , ana L_.
P n

on the relative size of the depletion to diifusicn component.
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Figure 16. Simulation of Primary Photocurrent
in a p-n Junction

Normally avalanche diodes are made from material in

which the doping on one side of the junction is much higher

than the doping on the other side. If a p+n diode is

chosen, then most of the primary photocurrent that flows is

due to the hecles in the n-material diffusing

to the junction and being swept acress. This type cf

doping also ensures that the diffusicn length in the

n-material is much longer than that in the p+ material.

Since the LP is much greater than L _, then equation (47)

can be simplified to
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ipp(t) = qu[(wt + Lp erf .J t7rp) u(t)

(W, + L, exf JTEEI7T) u(t-t,)] (48)

where Lp 2 Jﬁ;?; = minority carrier diffusion length in
the n-material.

From the previous discussion on avalanche breakdown,
it can be seen that the primary photocurrent should be in
reality modified by the mulciplication factor and be

given by

i;p(t) = Mi_ (t) (49)

At low voltages, M is close to one, and any increase
because of multiplication would be small. But as the
reverse voltage across the diode approaches the breakdown
voltage, the deviation starts increasing. Therefore, a

¥*
response of peak multiplied photocurrent iPF versus

voltage up to about the breakdown voltage would be
expected to behave somewhat as shown in figure 18.
M as a function of the reverse voltage can be

obtained from figure 18. That is, the multiplication is

given by

1

M=—F7
L)

(50)
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or

v,
3
Ve’ (51)
Taking the logs cof both sides, the equation can be put

in the form

1y _ R
log (1 - E) =n' log Vj -n' log Vg (52)

This indicates that the M evaluated from figure 18 and

plotted as log (1 - %) versus log Yjwould result in a

straight line. The slope cf this line shculd be n'. At

breakdown M goes to infinity, so that 1 - % equals 1, and

Thus, at the intercept of log {1 - é)

Vj B*

log 1, VB can be evaluated.

equals V equals
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Once the device is operating .~ its avalanche region,
the proklem of analvsis changes compsietely. From a stand-
point of circuit analysis, it aopsars as a first approxima-
tion that the reverse biased dicde could be represented
under radiation as shown in figure 1§. The diffusion
capacitance, depletion capacitance, and the diode body
resistance have been presently neglected. Assuming an ideal
voltage supply, the input vcltage supply and the breakdown
voltage (transient will be super-imposed upon steady state
value) can be neglected for a transient analysis. With this
simplification, the equivalent circuit would look like
figure 20. Wwhen the diode is slightly reverse biased, the
shunt resistance is quite large (several hundired megohms)
and the primary photocurrent acts like a constant current
generator (i.e., the current flowing through Rg can be ne-
glected as long as Ry >> RV). But as the diode gets into
avalanche, the resistance decreases quite rapidly. There-
fore, i;p will divide between R, and Rg inversely propor-
tional to their resistance. But if the current through RS
increases, RS will decrease. This will again tend to in-
crease the amount of current that is divided to RS. In
other words, the inherent characteristics of the device
are providing a built-in feedback mechanism that 1is tending
to keep the voltage across the device constant even though

the current is changing. Thus, the device would seem to

be radiation tolerant as a voltage regulator. Therefore, a
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smaller response acxoss RV would be expected, once the
device is in avalanche. This response would tend to
decrease as the device is driven harder and harder into
avalanche. The exact models under radiation will be

discussed in a later section.

Transient effects have been observed that were not due i
to bulk effect, but due to zurface effects. The ionizing
radiation interacts with the encapsulated gas to produce i
gas ions. These ions apparently collect on the surface of 3
the reverse-biased junction which tend to neutralize the
electric field and at the same time produce an inversion %
layer. HéQever, evacudtion and passive coating on ‘he
device surface will help to decrease significantly the

magnitude of this effect.

b. Effect of Ionizing Radiation on a Transistor

Consider an n-p-n transistor connected in the open base
configuration and biased as shown in figure 21. When the
transistor is irradiated by a short pulse of lonizing radia-
tion, electron-hole pai.s are created uniformly throughout the
volume. Just as before in the case of the diode, the radia-
tion generated electrons and holes will drift across the
junction and diffuse to the junction. This will result
again in a prompt photocurrent component from the transition
region and a delayed component from the diffusion of
minority carriers from one vregion to another. With an n-p-n

transistor *' > electrons in the base will diffuse to the

ol




EMITTER BASE COLLECTOR

-j|'| +
B M

Figure 21. Open Base Transistor Under Irradiation

collector-base junction, and they will be collected as a
component of the delayed photocurrent. e

In the absence of these electrons, the holes left
behind form an excess positive charge in the base. At the
same time the electrons are aiffusing from the base, the
holes are diffusing from the collector to the collector-base
junction, then they are swept into the base region. These
holes will further increase the excess positive charge in
the base. The excess majority carriers (holes) ia the base
will increase the forward bias of the emitti:-base juncticn,
which causes more electrons from the emitter to flow into the
base. The electron current entering the base from the emitter
is determined by the current gain of the device as well as
the radiation-induced charge in the base. This results in a

transient collector current (secondary photocurrent) in
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addition to the collectcr component of the pbrimary photo-
current. These injected minority carricrs (electrons from
the emitter into the base) will continue to diffuse to the
collector-base junction and drift across the junction as
long as an excess positive charge remains stored in the
base region (references 19 and 22).

From the above it is seen that the photocurrent
consists of the following contrikutions: (1) a
depletion layer component contributed by the emitter-
base and collector-base junction, and (2) a diffusion
component contributed by the emitter, base, and collector
regions.

In planar and mesa transistors most of the primary
photocurrent usually originates in the collector region
(reference 26). The collector diffusion length, Lo is much
greater than the base width and the depletion width. This
means that the number of holes available from the diffusion
of holes from the collector tov base is muchk greater than the
diffusion of electrons from the base to crnllectcyr. Thus,
after the terrination of the radiation pulse, holes gener-
ated in the collector region withir one diffusion length
of the junccion will diffuse into the base. The charge
accumulated in the base due t~ diffusion of carriers from
the collector will therefore not reach a maximum until appro:-
imately a time equal to one to t.o times the lifetime of

minority carrier in the collector (Tc).
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% Permanent Effects

When seniconductors are exposed to neutrons, they can under-
go permunent damage to their electrical characteriatics.
Such damage is the result of neutrons having energies above
several hundred electron volts cavsing lattice displacements
or interstitial-vacancy pairs. The magnitude =£ thi ciiect
is dependent.on the energy of the incident neutrons. These
ldefects are created when an atom is knocked from its normal
position in the semiconductor material and leaves a vacancy
in the lattice. The atom usually comes to rest in a position
out. of the lattice structure a short distance from the
vacated site and is known as an interstitial atom. A primary
recoiling atom from a neutron collision may have sufficient
energy to cause a 1arge'number of secondary displacementé in
travelihg througn: the crystal. The energy transferred to a
.1attice atom has a wide range of values dependent on the
neutron scattering angle. Therefore,thé actual number of
gsecondary displacements will have a varying range. However,
in each,displacément a pair is created: a vacancy site and
an interstitial atom. This pair is refeirred to as a Frenkel
Defect. Other effects such as thermal spikes and transmuta-
tion of the crystal atoms have a hicher order effect on the
gsemiconductor electrical characteristics and are negligible
in this scudy (reference 13).

The vacancies aﬁa interstitials give rise to new energy

levels in the forbidden energy gap of the crystal which act
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as recombination centers to reduce the lifetime of minority
carriers. The increase in recombination centers is propor-
tional to the integrated neutron flux and inversely propor-

tional to the minority carrier lifetime.

The defects introduced are located near the center of
the energy gap, and the Fermi level is between the energy
level introduced and the energy band which contains the
majority carriers (conduction band in n-type and valence
band in p-type semiconductor). These defects can zlso act
as trapping center for the majority carrier. For example,
in an n-type crystal, the trapping centers are below the
Fermi level, and therefore would have a higher probability
of occupancy by electrons rather than holes. The trapping
of these electrons wculd tend to decrease the effective
doping concentration and would result in a decrease in the

crystal conductivity.

There are other effects (such as an increase in the
scattering of free carriers which terds to decrease carrier
mobility), but these effects have been found to have
negligible influence on semiconductor's electrical character-
istics compared to increase in recombination and trapping.

In essence, neutrons mainrly tend to degrade the electrical

characteristics by two different mechanisms.
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.k 1. Introducing recombination centers reducesthe life-

iR time 7 of minority carriers according to the relationship

1 i -
2 =2_%
K ?

o T (53)
or
T
TS TR
Toor (54)
where

9 = faat neutron fluence

T, = carrier lifetime before irradiation (¢ = 0)

R
]

_ lifetime damage constant, which is dependent on

such things as device material, doping, temperature,

energy spectrum of the incident fluxes, etc.

In essence, equations (53) or (54) say that recombination
1 centers are added linearly with ¢ {assuming the Fermi level
is not altered appreciably by irradiation and the capture
cross sections of the reccmbination centers do not change).

| 2. The defects act to decrease the crystal conductivity

o by introducing trapping centers for the majority carriers

as described approximately by

o

(55)
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where

foagrinans t-siws sioy

q = electronic charge = 1.6 x 10"19 coulomb
Z u; = caxrier mobility
: Ni = majority carrier ccncentration

AN,
’ 3
Z¥: = carriexr removal rate

I ignncing i g iean

"
]
o]
5
0

Bquation (55) implies that the crystal becomes
intrinsic as the integrated neutron flux increases, and

that the carrier removal varies with the number of carriers

left to trap. Otherwise, the equation would suggest that

the tomauctivity wonld reduce to zero

and then becone

A

negative. Previous experimental evidence has indicated
that as the number of majority catriers approaches the

intrinsic concentration, the carsisr removal rate 3

approaches zero.
It must again be emphasized that even though many

things are known about the defect mechanism, accurate pre- :

diction of the cffects of neutron degradation is still

s —
R R T b

diffizult. This is mainly because such factors as device

R
P i

g material, device structure, device operating condition,

doping levels of the semiconductor, device encapsulation,

o 371 PRI o

oxygen concentration of the device, defect density of the .
device, environmental temperature, uncertainties in dosim-

etry, and energy spectrum of the incident particles may

s
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cause differences large enough to cause large variation in

the test results.

3 a&. Degradation ofi Diodes
' '-Experimentally it has been found that with a constant

current applied, the forward voltage of a diode will

generally increase with neutron fluence. This result can
: i be explained by assuming that the universal diode equation
| is a good approximation for the current-voltage relation
and examining its behavior under neutron radiation. The

general expression for the forward current I in a diode in

which minority carrier injection is much less than the

density of majority carriers is given by

1/2
n D p.D qv./XT _ D ;, gV./kT
R b v i v L )= ane(R) (7T 1) (5
I 4

for a ptn diode where vj is the junction voltage. The

junction voltage Vj is equal to the externally applied voltage

Ve rinus the potential drop across the light doped n-region,

Vo where

é IL . IL /1)
- V, = IR, = == = =)=V -v,
L £ oA quA \N, e j (57)
? where
| ; R, = resistance of lightly doped region

: L = length of lightly doped region (n-region in this

case)
o, = conductivity of n-region ~ qunND
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Equaticn (56) indicates that if the lifetime decreases,
the junction voitage must decrease for constant current.
However, equation (57) indicates that if the majority
carriers are removed by trapping (conductivity decreased},
then V, will increase. If the current is to remain
constant as V, increases, this means that Ve will have to
increase. However, the change due to the minority carrier
lifetime effects will predominate at low flux level where
we do not see any conductivity modulation. At a higher
exposure level where we see a conductivity change, the
conductivity modulation will usually rapidly suppress the ef-
fect because of the lifetime changes. This fact can be seen
by observing that the diode current varies as the inverse
of the square root of the minority carrier lifetime and
expenentially with V,. The exact extent to which the forward
voltage of a diode for a constant current will change with
neutron exposure depends mainly on the initial impurity
concentrations, device structure, fabrication techniques,
the level of current injection, the widths of the p and n
region, lifetime damage constant, carrier removal rate, etc.
Then, the dominant effect in most rectifiers is the increase
in series resistance due to the removal of majority carriers
from the conduction process in the lightly doped material.

In a reverse biased condition, the reverse leakage
shows an increase with device exposure. Equation (56) only

gives the reverse-diffusion-saturation current
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1/2
D
4
kqun(;E) ).which would tend to increase as r decreased.

v

However, in reality, the rsverse leakage current deviates

o
= from the universal diode equation by a carrier generation
E current and surface leakage: current ccmponents. The
carrier generation compcnent can be approximated by ;
1/2 !
L5 n,
: I = QA(wtni) x (VJ) 1
Ft- rg 27 T (58) ;

for a p+n alloy diode where LA is width of the transition
region and n; is intrinsic carrier density concentration.
In silicon this current is larger than the diffusion current,

but in germanium the carrier generation current is less than

ol

the diffusion current. The surface leakage current component
is dependa2nt on such things as surface condition, the
presence of surface charge, surface area, and surface re-

} : combination; therefore, it is not easy to calculate. In

| many silicon diodes, this component will dominate over the
other two components; but if the diode surfaces have been

passivated, the bulk current will dominate over the surface

leakage.

e

The reverse Lreakdown voltage shows a tendency to

. .
insreaas with

ren exposure. The amount of

LAY Y | B AT A

increase depends on the doping concentration of the

material, but for a p+n avalanche junction the breakdown

S s A g 8

voltage is mainly dependent on the conductivity or doping

concentration of the n-region. The effect of conductivity
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modulation will depend mainly on the initial doping
ccncentration, the carrier removal rate, and the

integrated neutron flux.

One normally does not worry about the breakdown voltage
when using a diode as a rectifier in a neutron environment
because the breakdown voltage will tend to increase with
radiation due to carrier removal. In this study we will
observe its behavior, as it is one of the main factors that
influence the operation of avalanche devices. By using
breakdown voltage versus impurity concentration and carrier

removal data published in the literature, we can make a rough

prediction of the neutron exposure required to show any
degradation in the breakdown voltage. Figure 22 shows the
avalanche breakdown voltage versus impurity concentration
ia a ptn silicon junction. Assuming that two to four

carriers are removed per neutron/cm2 {removal rates depend

et ek i e S RS R e - B AR

on dopant types, doping levels, fabrication processes,

g

temperature of measurement, eth, it can be shown that
neutron exposure in excess of about 1 x 1015 neutron/cm2
is required to show a change of ten percent in the
breakdown voltage for 100-volt Zener diodes or less.
Experimental results have been obtained which show that

the breakdown voltage may change slightly in directions

opposite to ta>se indicated above.
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Figure 22. Breakdo'n Volt -e Versus Impurity Concen-
tration on the Lightly Doped Side of a
Silicon Step Junction (References 3, 6 and B)

Since the depletion capacitance of a p+n alloy junction
is préportional to the square root of the donor concentration
in the n-region, ND' for a fixed voltage; it wculd be
generally expected for the deplefion capacitancz to decrease
as ND decreases because of exposure. However, no conclusive
evidence is available to indicate the frequency response of
the trapping defects (i.e., if defect sites can contribute
to capacitance at different frequencies), and no genera’
trends in depletion capecitance have been indicated. The
switching time is directly dependent on minority-carrier

lifetime, and it will be expected to decrease with radiation.
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b. pDegradation of Transistors

Degradation observations in transistors have been
related to bulk and surface effects. The bulk effect is
tle predomirant effect and is caused mainly by a decresase in
current gain (i.e., current-gain reduction limits useful-
ness of device usually long before majority carrier degrada-
tion effects are seen). Some of the other bulk effects
that have been observed are changes in junction depletion
capacitance, breakdown voltages, saturation voltage, punch-
through voltage, base-spreading resistance, collector-body
resistance, leakage current, switching time, storage time,
turn-off time, and turn-on time. The degree to which the
above changes affect the device depends on the device
structure or fabrication and application. Generally, a
device that has a thin base, hign cutoff frequency, and

small junction area will be more radiation resistant.

A general expression used to estimate the degradation

in the common-emitter-current gain is given by (reference 13)

By = o . b
- = +
P, L0c (W’OKT) L&
ar N £ (59)

where

By = gain at some fast-neutron fluence

By = initial gain

$ = fast-neutron fluence
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TR

I(.r = ljfetime damage constant
ft = gain-bandwidth product freguency or the frequency |
at which the magnitude of B is unity <« ﬁat (pase

transport cutoff frequency)

1.00 B_K

a_
rft

The above expressioi. shows that l/B§ ig a linear
function of ¢. However, the extent to which the above
approximation holds depends on base width, base conductivity

and type, uniformity of base resistivity, certainty of K.r

8 6

to 2 x 10~
2

(experimental data for K_ vary from about 4 x 10

2 8 to 6 x 10'-8

n/cm‘-sec for silicon and 1 x 10 n/cm‘~sec for
germanium, depending on base type), whether the device was
biased while radiated or not, surface effects, emitter
efficiency, surface recombination velocity, conductivity
modulation, recombination in the base region, etc. Frank
and Larin have experimentally confirmed that in the current
range where carrier recombinations in the base region are

the major cause of gain degradation that (reference 13)
= + t
1/Bg 1/;3o tK ¢ (60)

where t is the mean base transit time. Therefore, the

ctkange in rec.procal gain because of neutron radiatiomn is

A(1/B) = ¢ K_ A% (61)
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Easley did some of the initial work on degradation of
o, and a meaningful expression derived from his work £~ the
common-base current gain (reference 13) is

0.61K
Ay =@ - _3QF_-I $
o (62)

where £ is the alpha cutoff frequency of the transistor.
The above linear dependence of @ on $ has been sh.wn to be
a good approximation for silicon transistors, but it is not
as good for germanium transistors. Equation (62) indicates
that devices with high alpha cutoff freguency are more
radiation resistant. Such devices are usually the type of
transistors used in avalanche design.

Two of the important parameters in avalanche circuitry
are the collector-base-breakdown voltage BVCBO and the
collector-emitter-breakdown voltage BV:ED‘ The breakdown

voltage of any junction was discussed in subsection ».a.

The BVCE

and it was approximately related to gain B of the transistor

o °F sustaining voltage was discussed in Section II

by

_ ~-1/n'
BVopo = BVgpo (F*1) (63)

The above empirical equations suggest that one should

be able to predict the behavior of BV by doing pre- and

CEOC

post-testing. Pre-testing means electrical testing of the

device prior to any irradiation, and post-testing means
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eloctrical testing of the device after exposure tc nuclear
radiétion. Ajsuming that n; zﬁays censtant, eqﬁation
iﬁ})‘iaéicates thaﬁ'ﬁvéso éhguld increase with neutrdh fluence.,
préyided irradiation @# sufﬁicient>to cause significant

"chapges in doping concentrations,and f degradation.
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2-Mev flash X-ray machine.

used was that shown in figure 23.

the value for the resistor RL’ was made 51 .

coaxial cable going to the oscilloscope.

was inserted after the cable driver amplifier.

SECTION IV

EXPERIMENTAL AND THEORETICAL EFFECTS OF AVALANCHE
DIODES DURING IONIZING IRRADIATION

1. Instrumentation and Equipment

An important parameter for the avalanche diode, which
has to be experimentally measured, is the radiation induced
transient photocurrents Mipp(t). These resulting currents,
which vary as a function of time, have peak magnitudes
which depend on the radiation level and the value of tae
diode voltage, Vb.

Experimentally, testis were made on the different
avalanche diodes with the dose and dose rate held constant
for each transient pulse of radiation, while VD was varied
over a range of reverse bias voltages. From the resulting
current pulses, the peak values of Mipp(t) were obtained
as a functicn of the diode reverse voltage, VD'
All the irradiation tests were made using the KAFB

The instrumentation setup

As preliminary tests

indicated that the test circuit time constants had to

be kept small compared to the diode response risetime,

A Keithley

110, zero decibel gain amplifier was used to drive the

If additional

amplification was required, a Keithley 109, 10X amplifier

Everything,
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Figure 23. Avalanche Diode Photocurrent Test Circuit

with the exception of the diode under test, was shielded

from the incident radiation by at least four inches of lead.

The Tektronix 517 oscilloscope input was matched for a 51 Q
cable input,and a calibrated variable attenuator was added
to the vertical inpuﬁ. The test equipment and test sample
were enclosed in a double-walled rf shield room. Inside

tis screen room the rf noise is reduced by 120 db.

2. Experimental Results on Avalanche Diodes

The diodes used in these tests were Continental Device
Corporation high performance 400-milliwatt silicon voltage
regulators. The devices exhibit a very low leakage current

which assures the "hardness" of the reverse characteristics
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and a minumum of surface effects. Only diodes that exhib-
ited essentially an avalanche characteristic were used in
these tests. This required using diodes with 5:6&kﬁdwn~
voltages greater than 7 volcs.

The dicdes were cf alloy construction made from an
n-silicon wafer that was phosphorous doped to provide
correct doping for a specified breakdown. The p—materiai
was obtained by alloying an aluminum button into the n-
wafer. Thiz provided a ptn step junction. The devices

were not gold doped.

Using the circuit shown in figure 23, the Voo voltage

was varied in steps from O to some value above Vg and the

primary photocurrent was measured at each voltage step.

The voltage above VB was limited to a value such that the

power rating of the device was not exceeded.

Typical plots of the resulting transient induced
photocurrent are shown in figure 24 for the 1N3516 diode at
various values of VCC’ These data were taken at a dose rate

of about 2 x 10° R/sec. At low voltages, the device decay

response behaved close to the theoretical prediction

presented in Section III. However, for diode voltages above
the avalanche breakdown, the device radiation response decay
increased. This behavior was shown (see appendix I) to be

} related to the electric field developed by the voltage drop

g across the lightly doped n-region as the diode currents

became large after avalanche breakdown. From
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Figure 25. Peak Photocurrent varsus VCC and VD for the
IN3516

figure 24, the peak value of the photocurrent as a function
of the diode voltage VD was obtained. The resulting plot
of peak I(t) (current observed in the circuit) versus the
diode voltage, V, (see figure 23) and the battery voltage,
Vog: is shown in figure 25.

As discussed earlier, the primary photocurrent under

»*
avalanche multiplication, i?p(t)' can be expressed as

i;p(t) = Mi(c) (€4)

where ipp(t) is the ncrmal primary photocurrent w:ithout
multiplication. Since at low voltages M is one, ipp(t)

behavior as a fun:>tion of voltage can be determined. The
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5 é change in ipp(t) as a function of voltage V, is attribuated
to both depletion and diffusion components. For low break-
down diodes, the charnje in photocurrent with voltage may

be so small as to be indiscernible. By

calculating from figure 25 the ratios of the peaks of i*

, PP
] to ipp' one can determine M at various voltages up to about
;?: Vp- The multiplication factor M has previously been given
as
Hz———l—_—_‘.
v .
1- ()
B (65)
which can also be expressed as
&
1, v,\"
1-5= 00
L= O (66)

-

1f one now plots log (1 - %) versus log (V), one can approx-

imately obtaiﬂ a straight line plot up to VB with a slope

o . equal to n'. The fact that this plot results in a straight
line tends to verify the fact that avalanche multiplica-

tion is occurring. From the point at which 1 - % =1

(i.e., M = ») one can obtain the value of Vy needed to

satisfy equation (66). It should be noted that due to
1 possible experimental errors, not all the points lay on
this straight line. The value of Vg obtained by this

method is usually larger than the value obtained by the

dc method in Appendix II.
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TABLE I
BREAKDOWN VOLTAGE DATA
Device No. ' n' VB(radiation) v, (dc)
— Volcs olts
516-1 1.43 8.6 T-75
11?3516-2 lo% 804 7.89
1N3518-6 2.52 9.75 .78
1N3518-7 2.2 9.6 10.3
1N3526-11 2.52 22.4 21.7
IN3534-16 2.83 49.5 b7.76
CcD3171-21 4.31 89.0 87.3
CD3174-22 3.25 | 5.5 2.2

The values obtained from the experimental radiation
results are tabulafed in table I. It will be noted that
the tabulated values cf Vyp do not agree closely with those
obtained by dc measurements. It was also observed that,
in the plot of log (1 - %) versus log V_, the resulting
points fell below the theoretically pradicted straight line

values as vy approached V This accounts for the discrep-

B.
ancy between the graphically obtained value for VB and the

dc value of Vg- The reason that the plotted points fell

below the straight line relationships is that as Vb
approaches Vge the multiplication factor behaves as
1 Vb : .
7 = m(1 - V_) where m is an empirical constant (reference 27).
Plotting the experimental data using this new expression for
M results in linear plots as Vp approaches VB as shown in
figure 26.

when VD exceeded VB' the peak values of the photocurrent
began to decrease. Thié phenomenon is due to the inherent

reduction cf the internal shunting resistance of the diode
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operatiﬂg in the avalanche regicn. This result is
analogous to the usual behavior of a diode voltage
regulator.

As previously discussed (see equation 27}, we

defined the leakage current as

I
- co
I=Mg = n'
1 - 0—-)

(67)

where Ico is the dc diode leakage current at low voltage

levels. As VD approaches V

B’ M can be redefined as

x|~

v
- m(1 . D
(1 VB) (68)

where m is an empirical constant. With this new

definition of M, equation (67) becomes with the use of

figure 23
] ]
I = Tco  _ Ico
v, Voo IR
- 1- (=)
B B (69)
Ico

where Iéo =-—0 R is the total series circuit resistance
(this includes R, and the diode bulk and ohmic resistance,
rb) and Voo is the external source voltage. Equation (69)

can then be put in the form

I' .V
CC CO' B
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The physically correct solution to this guadratic eguation

PPRE Y, T |

is

il LY

Et 1=v /(c E) *zégs -

Similarly, we can define I’ as the peak value of totel

current obtained when we subject the device to ionizing radia-

tion.

e b ¢ AR e b A2

I' would then be the sum of the normal dc current
multiplied by avalanche and the peak value bf the avalarche |

multiplied photocurrent i;P. I* can then be expressed as

=%~ = — % -,
o o ([ :
B ' ( B ) {(72) ‘

I.. + Peak of i

where Iél = L2 = BP | mhe physically correct

solution to this equation is

{ . s 2
;o= ecVB kf@'ig , fel's
L ZR R R (13)

Subtracting I from I*, the peak value of the avalanche multi-

plied photocurrent observed in the extesnal circuit is given by

!

ey

L] j 2
R ) R | - .J SR ¢ B (T4)

ﬁsing typical circuit and device parameters, a plot

-
of Ipp as a function of V., is shown in figure 27. Note

-that the resulting'shape of this curve is extremely close
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RN S t thet of figure 25 whichk wes obtairsd experimentally. 2
3 £ _’J’%Li'g indi@&%s. that the theofeticzl models uwed and che {
%n aasﬁmp xan< sade 1.e reasonRRly ag;nzatec i
.-.1 ) . . ’..l... - i - ’ ;
% 3. Eﬁa&vaxant g@éﬁ!g of EVB;&KF e stﬁez - f
_.,‘:z,_ a ’ o :
‘z Uz;ag Hhe &xpe:iwﬁutal a0l tﬁ&&le xcal Fesul*&~ the
«;% fallaw;rg azmplgfteﬁ models wers ﬁﬁV&lbpﬁﬁ o evplain the ;
é hﬁhawxux cf mwa*ancha 9+n &’lai u;&ﬁﬁa undwx transieat
,z loniz Lng raﬁiatxﬂn ard rev&ﬁat b;aﬁ ﬂa congitivns.
N s - " :
3 e} Figuza.ZB ahows uha-&quswalﬁnzrcxscuit ?Ilbﬁ S Qr&ﬁk&¢¥ﬁ~ _ !
] g vhere Ty is the tet&l grode nulk and 3@10@é1ng I?&LS*R@“&& §
Ry is tra dicds . Ehunt laam&ge ves&stanﬂa, pad € _ﬂ is »ﬂé %
gunct en uepl&fzan expac;tancea Heglecting the depletion
capacxtance, it can ba ahcwn.that the sxtsrnal transient
: current skhaerved in the L}dﬁ rasistox R,, is given by
‘i‘_ (e)® (t)
i it) = Rl e YT - {75
: 8 L b RL 5
i _
¢ .
4 Usually before breakdown, R is much greater than r, or
R . and the equation (75} ~an be reduced to
‘ I{t) ~ Mi t) . ' : 76)
B (t) opt ) ) | (7
?ﬂ‘.’.;.
E | This equivalent circuit implies that Mipp_(t) is
; acting like a constant current generator. However. as
! the diode approaches and enters the avalanche region of
operation, the relation that R, >> RL and RS >> ry will no
E " :
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icnger hold due tc the breakdown mechanism of the devize.

An eguivalent circuit in the avalanche region is shown

in figqure 29, where R has been replaced by the avalanche
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Picure 29, FEaouivalent Circuit of Avalanche Diocde in
' the Breakdown Region

yegiator, R e This yvesiztance ig current geansitive and

sends to decresse as the dicde voltage lnoereages. Again
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using « Thevenin equivalent. I{t} can be shown to equal

Mi_ (¢ :
top(®) :

1{t) =
L+ R /Ry I Ry (17 -

3 whicir decreasss as RAV decreases. As the diode isg driven
further :into avelanche by increasing VCC’ RAV tends to
i decreage which decreases i{t). In essence, once the '
3 device is ir tha avalanche region, Mi_ {t) R,y
3 behaves 1i%ve a voitage gencrator.
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SECTION V

EXPERIMENTAL RESULTS AND HARDENING OF AVALANCHE TRANSISTOR
TO IONIZING RADIATION

1. Introduction to Avalanche Hardening

The avalanche transistor without special design con-
siderations is sensitive to irradiation by transient
pulses of X rays. The predominat radiation effect is the
awitching of the transistor from the off state to the on
state because of the induced transient primary photo-
currents. However, by using proper biasing and/or junction
compensation, one can harden the avalanche transistor so
it will not switch at various levels of radiation. This
section will present the experimental and theoretical
rasults of the effect of X rays on avalanche circuits and

hardening ciriteria.

2. Avalanche Transistox Pulse Generator

Figure 30 shows the diagram of an avalanche transistor
prlse generator. This circuit will trigger whenever the
intvernal base to emitter voltage becomes large enough that
the base emitter junction becomes forward biased causing
the emitter t0 inject carriers. In Addition, as discussed
in Section II, the puise generator will also fire under
certaln conditlons because of an increase in the collector
to amitter voltage, VCE'
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when the junction capacitances and stray capacitances

% \
1
o

- i Figure 31 shows an approximate equivalent circuit of
] ; - the pulse generator for the cutoff mode. This equivalent
! ? E
Ff-, circuit, which includes the radiation 2ffects, may be used
it - |
,% ;%_ - for a steady state or quasi-steady state type of analysis
- k3

4

g

!

are ignored.

resistance

resistance

resistance

— e T

biased

ppl
produced in T1

Hpp—

i transistor T,, or

92

S T B e BN RE L] © a e

The circuit's equivalent components shown in

3 figure 31 are defined as follows:

Rse = the input signal source egquivalent output

Ip = the transistor base spreading armd bulk

o = the transistor collector bulk series

the transistor base-emitter junction

equivalent internal resistance

: Dy the base emitter idealized diode

Ml = the avalanche multiplication factor for

when the emitter to base junction is reverse

: Vop = the base emitter contact potential = 0.6 volt
!

IC01 = transistor T collector to base leakage current

% § ’ I = the X-ray induced transient primary photocurrent
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1
M = 1
1 . ( VCE )n
BVCBO
VCE = the collector to emitter voltage before firing
BV'CBo = the collector to base breakdown voltage with
the emitter open
n = an empirical constant
Ma o
By, = I__.%___ = = (reference equation 28)
1 - M1% l-a
a, = hfb = the low frequency collector-emitter

forward current ratio

The effect of transient gamma irradiation is accounted
for by the Mlepl idealized current generator. This
transient current during irradiation tends to switch the
pulse generator bec2use of the resulting increase in the
internal base tc emitter voltage VB'E’ wWhen VB*E
the junction becomes

becomes

greater than approximately VCP’

forward biased and Ib (see figure 31) is no longer zero.

This causes the avalanche switching of T, to occur.

1

Therefore, in order that the avalanche circuit does not
switch during exposure to transient X rays, it is neces-

sary that VC

VB'E is less than approximatelyv the contact potential.

E does not increase significantly and that
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3. Hardening Considerations for Pulse Generator without
Use of Junction Compensation Technigques

When the nulse generator is subjected to a pulse of

ionizing radiation, the VCE and VB'E

The resulting maximum peak change in the collector vcltage

magnitudes change.

{(av

c) is negative and is given by

&vVe = RCMlepl (78)

assuming that th2 transistor does not switch. For the

transistor in the cutoff mode, Vo

is the resulting maximum peak change in vi

is essentially zero,
the:efore.AHé
due to irradiation. This value will never be achieved
unless the radiation pulse is much longer than the time
required te reach this steady state value. That is, as
long as the transistor is off, the charge line behaves as
a capacitor and steady state will be reached in four time

constants, UR.C., (where C.. is the charge line effective

CL
capacitance). The main point to be made here is to notice
the direction of change of vc. Since AVé is negative, the
unit will not fire because of the change in Ve during
irradiation. 1In fact,since

1
Ml= ]

- ()
BVepo (79)

the value of Ml should decrease during irradiation, and thus,
8lightly reduce the problem of possible switching of the

transistor due to the increase of Vy.,,
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Thie next consideration is the effect of the radiation-

induced photocurrent on VB‘E

time VCE is. Referring to figure 21, the peak value of

VB'E during irradiation is

as it is changing at the same

= - !
Vg Vgp + Ml(Ippl + ICOl)rbb + M X, ,Rp + “ﬁppl“se"nl!

(80)
where we have neglected the effect of the input coupling
capacitor, as far as the transient pulse is concerned.

Using the criterion for nonswitching that <V

Vg < Vop
at all times yields the result that for radiation hardening

one requires

Vep > MyIcoy(myp + Rg) +MT o (xpy + R IR) - Vo, (81)

Inspection of equation (81) shows that to make the
avalanche transistor radiation hardened one should do the
following:

a. Make Rg and Rse as small as possible consistent

with other design requirements,

b. Select a transistor which has minimum I I

ppl’ “CoOl

€. Miniwnize the value of M, to the extent possible by
transistor selection and the establishment of the
quiescent value of VCE' but yet have the required

output amplitude,
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B'E - Vep

up to the maximum level of radiation for which

d. Make Vag large enough to ensure that V

hardening is desired. This value of VBB may be
determined experimenua:ly during irradiation or
approximately calculated from equation (81).
However, practical limits on how large VBB can
" "be made are imposed by the base to emitter
junction breakdown voltage, the input trigger

source voltage available, and the amount of

power gain regquired.

Application of the above criteria will result in con-
siderable radiation hardening of avalanche transistor
circuits in general. However, reducing RB and increasing
vBB tends to cause an increase in the minimum allowable
input trigger pulse vcltage for proper switching.

The experimental results of testing this circuit
during irradiation were completely consistent with the
theoretical hardening criteria developed in this section.

Increasing V.. and decreasing Ry and R.e resulted in

BB
increased radiation hardening of the avalanche pulse

generator. It was found that finally the transient voltage

developed across vy and RB was the limiting factor for

preventing hardening by increasing V That is, the

BB"
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transient voltage developed across r

bb and RB overcame

the reverse biased effects of VBB and VC?’ which caused
the transistor to switch. However, increasing Vap t°

achieve increased radiation hardening is limited by the
breakdown voltage of tne emitter base junction and the
amount of power gain required. |
The experimental results using the Motorola 2N2219
in the test circuit as shown in figure 32 were that the

circuit switched when Vgp Was -3 volts or above, but did

not switch when Vgp Was lowered to -4 volts or lower.

This was at a radiation level of about 2 x 109 R/sec, as

obtained at the KAFB Field Emission 2.Mev flash X-ray
system. Similar results were obtained using the TI 2N3035
in place of the 2N2219.

For certain severe practical applications, the

requirement Vg, >> MiTop1 (rbb + Rse“RB) - Vop (neglect-

ing leakage effects) may be impractical or impossible

it g S A AR

to achieve. Therefore, some other type of hardening

SEPILES

that places very few or no limitations on VBB must be

pursued to make the circuits' use more feasible. The

next two subsectinns provide several means of doing this., L

R i T
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Figure 32. Experimental Circuit used in Radiation
Testing of the 2N2219
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Figure 3%, Collecter te Base Diode Compensation
ard-ned Tircuit
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Collector to Base Diode Ccmpensation Bardened Circuit

-

The M. I radiation induced current tends tc forward

17ppl
bias the base emitter ‘junction, and thusy, switch the
transistor at high radiation exposures. 'MllPPl flowing
through Tib + Rse RB causes & positive increase in vﬁ'E
which is of sufficient magnitude to trigger the transistor.
If this increase of Vg.p due to MiToo1 could be decreased
or cancelled in some fashion without affecting general
operation of the unit, increased radiation hardening of
the avalanche circuit woulé be achieved.
One method of partially cancelling the effect of Klzppl
is to add a back piased diode junction between the base
and collector of transistor Tl as shown in figure 33. This
diode, T2, can be a diode per se or tlke collector to base
junction of another avalanche transistor w;th the emitter
connection open (or shorted to the collector to obtain
increased primary photocurrent). The main requirement on
T2 is that its transient radiation induced photocurrent,
MZIpPZ' be of the correct magnitude and shape for optimum
hardening. An approximate relationship between MZIPPZ
and other circuit parameters needed for hardeaing will be
developed in this section.

If it is assumed that T2 is an avalanche transistor

¢or diode, then M2 is defined the same as Ml, whera the
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appropriate vaitagﬁé.aaé censtants for T2 2re uszed.

It should ke noted that it will be required that T, have a
sufficientiy larée'breakéown volitage so that it does not
2lze go into avalanche breakdovn when T, switchse. If T,
and T, weré simsitznscusly o be in avalanche breakdown,
thérg israjpossgbility'ﬁhat.the resulring current fiow
wouiﬁ &esticy‘bqth.éraﬁaistars. Aleo, to ensure that

the Té’ﬁiédgfis ﬁevg:_fcxwafé tiased, it is necessary

'that v, alwayz be greatg#j;b;g-?éé of 7,.
| Figuie 34 shiows an agproxiéate équivalant circuit
which includes the coliecto: base juncticn compensation.

The resistor rd_is the total series gpreading and bulk
resistance for diode T2 and HZICOE {8 ita asscciated reverge
leakage current. It is assumad that the transigtor €, is
sufficiently cut off to neglect any emitter current leakage
while in the off state.

When the circuit is subjected to ionizing radiation,

the approximate maximum peak pulse change in VCE (assuming

T, does not switch) is
AV, = AV, = (M21pp2 - Mllppl) R, (82)

Thus, to ensure that Tl does not switch because of an

increase in V.p. it 1s required that

MToo1 2 Mol (83)
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The reguirement that VB‘B be less than VCP tfor the
hardening of Tl vields the approximate design hardening

criteria

Vpp ¥ ¥ Teoy Ty * Rpd + M Ty + Ry IRG)

- M)leorRs - MZIpQZRseuRB - Vep (843

Thus the general criteria for radiation hardening using
collecter to base junction compensation techaique are given
by equations (83) and (84). FPor many applications, a
logical and adequate design approach would be to gelect

Tl' TZ and the quiescent operating levels such that
MiToo1 = 300 (85)

Using this relation as an assumed design criterion,: further

simplification of equation (84} is possible. The result is

Ve > M1Tp1Ten * M1Tco1(Tep * Rp) - MpTcopRs - VY

(86)
Typical values for I 2re 10 to 100 ohms, and MI., = 50 ua.
A typical value for Mlepl is 20 ma. Thus, the dominant

factor in equation (88) is erpplrbb'vcp' The leakage

current terms may be neglected for reasonably small values
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of RB. Using the above assumptions, the finai approximate

criteria for radiation hardening become

E
i

> - - i =
Ve 7 MIpi%en - Vep 2 MTo t Ml (87)

]
%

How much has been gained by the addition of the

cancellation diode can ba seen by comparing equation (81)

and eguation (86). These equatiorns show that the reguirements

on VEB for hardening hava been esgentially reduced by

approximately M,I HnB volts by the additicn of the

pplkse
cancellation diode. For many applications, tnis reduction

T O R R RN A MR

wili be significant and adeguate.
One disadvantage to the alcve described method of

hazrdening of avalanche transistor circuita is the require-

ment that M.I = MZIFPZIand,addltzonaxly.that M.1

1"ppl 2 pp2
must never be siganificantly greatec than M 80 that

SN ARSI U EN Ol S S CNS A A | § SRR SR A VL S S AL bl t A\ A st M A SRS DR RN o) S L TR RS R it sty AR A L it aciiittchd £ Ui & sle i 8 SURAY R ER L2,
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lepl
T, does not lire because of 2a significant increase of

Vep- hgain for certain severe apvlicaticns the requirement

0 A SN A BB A N b e

i

applrbb’vcy' nay be impractical or impossible to

#or these applications, the addition (at

LN

the . -~llectar o “r} of a forward hiased clamping diode Dc
with a voltage souxce (+Vé) in series with i! to ground
might be worthwhile. This arrangement would essentially

clanp the zollector OF Tl at the +Vé voltage source level.
Thas, the desired T collector gquiescent operating value is
determined by Vé. The supply voltage VCC iz made some

is made much greater than

T T R T s
LS

. ]
value greator than VC‘ TE Vee
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! : 'Vé.thia"artangement will increase the recovery time of the

pulse generator, as the charge line will be charging from a

higher VCC voltage source.
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From the standpoint of radiation hardeniag, the
possibility exists that consideranle improvement can be

o made by the addition of the clamping diode circuit. The

diode clamp will prevent V.g from increasing during irradia- ;
tion and the requirement Mllppl 2 leppZ will no longer be

needed. If H2IPP2 is greater than Hlxppl‘ the excess current

is shorted to ground through the clamp diode, ané therefore VCE

cannot increase. Thus, the tricky problem of always ensuring
nlxppl z HZIppz is avoided. In addition, deliberately

makirg ?21992 greater than Mllpp\ can be employed to assure

; that VB'E is less than VCP‘

: Recall that for hardening we required that

H . |l
e VBa ~ MyTagy (T + Rp) + MT i (r + 1, iiRp)

P———

- MyIloooRp - MZIppZRseHRB " Ve (88)

A conservative criterion for hardening would be to have

Vpp * Vop > MlICOI(rbb + k) + M;Ippl(rbb * ¥oe Ryl

: - - - i ; ' ,
§ Mlco2®s be2Ipp2Rse“RB 20 189;
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;23222 21 + bb anéd
1 ppl se''p (90)

Mplcoz | , , mb
Mico1 Ry (91)

Under these conditions, thz hardening criteria have reduced

to Vg + Vop > 0. As ¥, is nominally about 0.6 volt, it

should ke possible to safely eliminate the source voltage
Vyp entirely (VbB = 0) while still achieving high intensity

transient gamma radiation hardening. By proper 3=lection

IR

of Tl' TZ' and the quiescent operating conditions it would
appear possible to satigfy the conditions imposed by

equations {g0) and (91).

It is felt that the use of a collestor to hase rcancelia-
tion diode combined with a clamping diode cffers one of the

better possidilities for avalanche circuits hardened¢ teo

LD AR M RSB o
R I . W RS N

extremely high transient radiation levels,
Experimentally it was shown that significant radiation _ :

hardening is achieved by the use of the base to collector

E ‘ diode compensation technique. Additionally, these circuits

tested should not be considered as the ultimate in hardened

design, but rather as an indication of the feasibility of

the design approach. The Motorola 2N2219 transistor was

Al W

used for the active avalanche transistor in the test circuit

P v S AT I, )

as show . in figure 35, and a TI 1N4Q9 was used for the

compensation junction diode. e

105




i
f

500 CNARGE LINE

)

' 0.59xFd

"
"

S 2 S O

e

& ARH e e
W

Jufd

vk

PR 4
A XA o
‘ 1 T R A ,
ROt W TN T X (PRI ey e A IR NSRRI T e ATV IR LA Y, '.
Do $
. . )

Fiyure 35. Oollector to Base Compensation Ciccuit Used:
Rxperimentally to Barden Basic Avalanche
Circuit
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i The circuit as shown required about a 700-mv external
ff pulsé‘(fgam a 50 ) source) for triggering without exposure
to_x rove. As the radiation induced compensation current
%.;.% ' {leppz) from the INU99 is diode-voltage sensitive (Jue to
% depletion widening and avalanche multiplication), the radia-
; % . *ion sensitivity level was a function of Vpe At a fixed
' % radiation level, the circuit would fire due to radiation
E"; é if VD was too small and would not fire if VD was large
' enough to produce sufficient avalanche photocurrent (with-
in the limitation of the IN493 reverse breakdown voltage).
:‘g However, if MzIpp2 was made gsignificantly greater than
}
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Mlepl by increasing VD' the unit would fii: because of the g
transient increase of Veg: This is as predicted by the L
theoretical models.

Typical results when irradiated at about 7 x 109 R/sec

were

a. Unit switched for VD < 150 volts.

RIS A

b. No switching for vy = 180 volts.

1 In these tests (when the units did not fire) the base to k
} % ground voltage was negative, indicating that M2Ipp2 was E
| ; greater than Mllppl‘ Increased hardening would have been g

g achieved by the incliusion of a VBB source, but this would

% have increased the required amplitude of the input trigger

§ voltage. %

% Tests similar to the above were also performed on the ?

% 2N3035 at the 7 x 109 R/sec level. Satisfactory hardening %

g was not achieved because of the apparently larger yb of this %

unit. This increased base resistance required a prohibitively
large MZIppZ to cancel! out the Mllpplrbb voltage drop. Hence

there was no MZIppZ level at which Vv could be made less

B'E

than V.. without increasing V_,_ sufficiently to trigger the

Co2 CE
unit. At a reduced radiation level, ~109 R/sec, the circuit
using the 283035 could be hardened employing this technique.

Tests were also nade on this circuit utilizing a clamping diode

from the collector to ground. The results did not indicate
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significant improvement, »u~ it is felt that with careful
adjustment of device and circuit parameters, hardening

gains should be achievable. .

5. Base to Ground Diode Compensation Hardesned Circuit

One additional method of using compensating back
biased junctions to achieve transient radiation hardening
of avalanche transistor circuits is of special interest.
Consider the circuit in figure 36. A back biased diode,
TZ' has been added from the base of Tl to ground. The
action of this diode is quite similar to that for the

cancellation diode from the collector to base of Tl'

A e R DS  THVEM G AR M £ £ A S R

e R S

€ )

Figure 36. Base to Ground Diode Compensation Hardened

Circuit
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A simplified equivalent circuit is shown in figure 37.
NMote :hat the transient maximum peak change of the collsctor

voltage given by

AV, = AV

= . {
¢ ce ™ " Mk (g2)

iz negative. Thus, there is no problem of possible firing
of Tl because of the increase of VCE' or any associated
restriction on the ratio of Ippl to IppZ‘ S0, no clamping
dicde is peedad in this circuit unless it is desired to
increase the avalanche circuit recovery time.

Ag far as the regquirement that VB‘E has to remain less
than V.., this circuit is the mathematical eguivalent of
that for the collector to bhase compensation technique
withont the requirement that H2Ipp2 never be greater than

Mllppl' The criteria established for nonfiring of Tl are

Vg > MyTeo (T + Ry) + MT o (ny + R [Rg)

- MZICOZRB - MZIppZRseHRB - Vep (93)
Once again, if we make

X

"21233 bb :
< 214 TR and (94)
Mlepl, Rse RB
M,I
lecoz 2 1 + .bb

21col s (35)
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the hardening criteria has reduced to V%B + VEP > §. Thus,
it skould be possible to eliminate the source vcltage‘ﬁBEB
entirely, while still achieving high intensity, transient
gamea radiation hardening. It is felt that, of the hardening
techniques discussed, the use of a base to ground compensa-

tion junction offers the best pos.ibility for avalanche

awﬁm%ﬁ%ﬁﬁMﬁﬁ%ﬂﬂ%ﬂHﬂﬂ%W»ﬁ%&ﬁmw%&ﬁﬂ%&$mﬂk»

circuits hardened to extremely high transient radiation

levels. As the above theoretical results indicated, even

of

B e R e

with Vop = G, it appears feasible to design an avalanche

trausistor cirrcuit for very high transient radiation eaviron-

ments. The experimental results confirmed this conclusion.
The test¢ circuit for the base to ground canceliation

technigue is shown in figure 38. A 2N30325 was the active

———
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Figure 38. Base to Ground Compensation
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device and a 1N49y was the compensating diode. Once agair the
compensation junction photocurrent was adjusted by varying
VD. Tests were first run at the 7 x lO9 R/sec level and no
problems were encountered in preventing fir ing using
this compensation technique. 2s a side comment, it should be
noted that previously, using the 2M3035 in the collector-kase
compensation technique, satisfactory radiation hardening was
nct achievakle above 109/R sec.

in all of the tests of circuits upnder irradiation previous-
1y discussed, only the active transistor and compensation
cav.oC vere exposed to the radiation. The passive components
were all shielded. However, in the next test the complete
circuit was irradiated at approximately 4 x lOlo R/sec, which is
the highest radiation dose level available. The circuit did not
fire at this extremely high radiation level. Actually, the

requirements on V_ were relaxed as compared to the lowar

D
radiation level. Apparently other unknown circuit phenomena
were contributing to the hardening of the unit, but upcn
removing the compensating junction the device did switch during
irradiation, as expected.

It should be stated, once again, that these circuits
tested under radiation were not the ultimate in harxdening
design. It should be possible, with additional design efforts,
to achieve radiation-hardened avalanche circuits at even
higher levels. Evaluating both the theoretical derivations

and the experimental results, it is concluded that the order

of decreasing hardness is as follows.
112



1. Base to yround coimpensadaticn

2. Base to collector with clamping diode

Z. Base to collector without clamping diode
4. Just using Vv

BB’

6. Methods of Obtaining Bias VYoltages

In the circuits analyzed in this section, numerous bias
supply sources have been indicated as batteries. Also in
some cases, up to four different “"Lattery" or voitage sources
were symbolically indicated as being necess2cy. In most
situations, to have this nuny powar sources 1s either imprac-
tical designwise or prohibitive in cost.

Methods will now be shown whereby only one voltage source
is required for biasing the circuits which have been discussed.

For a circuit design which requires a V source, a V

BB D
pias source for collector to base diode compensation, a Vé
source for a clamping diode, and the usual VCC source refer

to figure 39. Only one source voltage, V is required.

PSS’
The ground point is positive with respect to the negative of
the supply. =f it is desired to have the power supply nega-
tive at ground, merely change the bypass capacitors to the
negetive of the supply and shift the ground point. RX should
be reasonably large in comparison to the other circuit

resistance so *uat part of Ipp2 is not shunted to ground

through the power supply.
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Similarly for the base t> grcund compensation diode

circuit, a one voltage source system is shown in figure 40.

R..
A
CHARGE LINE T
_ -
4
——h
- .
T Cc
+
v Rg
in
- [

Figure 39. Circuit Employing Single Power Supply for
Base to Collector Compensation Circuit
with Collectox Clamping Diocue
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Figure 40. Circuit Employing Single Power Sun~ly for

Base to Ground Compensation Circuit with
Collector Clamping Diode
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SECTICN VI

¥ ?ERIMENTAL RESULTS OF NEUTRON DEGRADATION ON
AVALANCHE TRANSISTORS AND DIODES

iho Degradation of Avalanche Diodes

Six different Continental Device Corpcoration high nerfor-
mance 400-milliwatt silicon voltage regulators were expuzed at
the Sandia Corporation Engineering Reactor (hole 8-S) from

about lO13 neutron/cm2 16

te 107° neutron/cm® (E >0.01 mev).
Sulfur and nickel detectors (efrective threshold E > 3 mev)
were used to measure the integrated neutron flux incident on
the samples. The measurements were converted to the plutonium
threshold (E >0.01 mev} by using the conversion factor

o = TSR -

The impurity cocncentration on the high xesistivity side
of the diodes can be obtained by using figure Z2 and dc
measurements of V. Once the impurity concentration is known,
the resistivity can be deermined from previous experimental
graphical data (reference 3). The results of this method are
shown in table II; the accuracy is expected to be within
* 20 percent.

The data taken were in the form of pre- and post-neutron
irradiation testing using a Fairchild 500 to obtain the desired
test results on the diodes. The parameters of iaterest for

this series of tests were diode reverse voltage (V_,) versus

R)

and forward voltage (V

reverse or leakage current (I F)

2.

versus forward current (IF).

116




TABLE II
IPURITY AND RESISTIVITY DATA

Device No. % VB(volts) ND(cm”E) (p-cm) G(Q—cm)_l
183516 §.2 2.40x10*T | 0.055 18.20
1N3518 10.0 1.45x10M7 | 0.073 13.70
1N3526 22.0 4.00x10%° | 0.200 5.00
1N3534 47.0 1.3x10%® | 0.500 2.00
CD3171 62.0 8.7x1072 | 0.630 1.59
CD31TY4 82.0 5.7x10%2 | 0.900 1.11

From the above generated dzata as a fuaction of neutron
induced damage, we were able to ubserve carrier removal rates
and minority carrxier-lifetime effects in order to be able to
predict the expected amount of degradation in the electrical
characteristics of these diodes. The dominant effects were
the decrease in minority carrier lifetime in the lightly
doped region, the increase in series resistance because of
removal of majority carriers from the conduction process ir
the lightly doped region, and an increase in V_. The measure-

B
ments were made hefore irradiation at each of seven levels be-

tween approximately lO13 nvt and 1016 nvt., Typical results of
th2se measurements are summarized iQ figures 41 to 63. The
abbreviation PT stands for post-test made using the Fairchild
500 after neutron exposure. The levels of total accumulated
neutron flux for PT-1, PT-2, PT-3, PT-4, PT-5, PT-6, and PT-T

are, respectively, 0.9860 x 1013, 4.7560 x 1013, 0.9316 x 1014,

b 0.8408 » 10%5, 4.1378 x 10Y5, and 0.8612 x 10%©

4.008 x 10%
nvt using sulfur detectors.
The following general trends in the data are observed:

1. In diodes 1N3516, 1N3518, and 1N3526, in which the

doping level in the lightly doped material is greater than
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b x 10l6 cm™2 (see table II), the minority-carxier-lifetime
changes predominated (i.e., using discussion of Section III,
equation (56) and the universal aicde equation to indicate
that if lifetime decreases, the junction voltage must
decrease for constant current) up to highest exposure
enccuntered in the forward biased condition.

2. In diodes 1N3534, CC3171, and CD31T4 (ND < 1.3 x
6

10t cm'j) the minority-carrier-lifetime changes predominated
at low flux level where no conducti.ity modulation was prev-
alent. At a higher exposure where we see a conductivity change,
the conductivity modulation rapidly supéressed the effect due
tc the lifetime change. This is becauvse the dinde current
varies inversely with the square root of the minority-carrier-
lifetime and exponentially with carrier modulation. After a
certain level of exposure, the diodes start to become intrin-
sic due to carrier removal with the resultant loss of their
rectification property.

3. The diode can be approximately represented in the
d(Vd is intersection

of extrapclation of straight line portion of IF versus VF

curve on voltage axis with current equal to zero) and a

forward biased direction by a battery V

series resistance rp equal to the inverse slope of the
current-voltage curve (see figure 41). As indicated on these
figures, Vg4 tends to decrease with exposure. All of the
curves for a particular device appear to be fairly parallel
over some or a.. of the exposure levels. This would seem

to indicate that rp is staying fairly constant at a

particular operating current.
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TABLE IIX

TOTAL ACCUMULATED NEUTRON FLUX FOR EACH TEST

Test Numker nvt = neutron/cm2
pT-1 0.9860 x 1017
PT-2 4.7560 x 10%2
PT-3 0.9316 x 10t
P-4 4,008 x 10%%
PT-5 0.84(6 x 107
PT-6 8.1373 x 101
PT-7 0.8612 x 10%0

4. The reverse breakdown, Vg

tendency to increase with neutrcon exposure. The amount of

generally showed a

increase depended on the doping of the lightly doped n-region.
A very rough maximum estimate of the change in breakdown
voltage can b2 obtained by using carrier removal data and
b.seakdown voltage versus impurity concentration data from pub-
lished literature. Before irradiation one can measure VB
electrically and then obtain doping concentration on the lightly
doped side from figure 22. The doping concentration after
irradiation can then be computed by using published carrier
remov-1l rates, which vary between about 2 and 4 carriers re-

b/

moved per neutron/cm”. Using this post-calculated doping con-

centration and figure 22, one can predict the V_, after exposure.

B
5. The reverse leakage current {ccntributed mainly by the

carrier-generation component in silicon) generally showed an
increase with device expcsure due to th2 decrease in minority

carrier lifetime and an increase in the depletion width.
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2. Degracation of Avalauche Transistors

Five each of Texas Instrument types 2MN3033, 2N3034,
and 2N3035 were irradiated with the avalar.che diodes in

the neutron environment. These transisters wer : n-p-n

epitaxial mesa silicon transistors designed for extremely
high-speed, high-current, avalanche mode switching

applications. The BVnno for the different units varied

B
between approximately 50 and 160 volts, and the minimum

output response was in the range of 20 to 45 volts for
the circuit shown in figure 65. i

Delay time, td' rise time, t peak output pulse

rl

amplitude, Vp, pulse shape, and the minimum input voltage

required to trigger the circuit, V., shown in figure 66,

were determined before irradiation and after each irradia-
tion. This was done by using a Hewlett-Packard sampling
scope and recording the data on film by using a Polaroid
camera.

Pre- and post-testing of the follcwing electrical
parameters were also made using the Fairchild 500:

1. V_, versus I_,, and V_ versus IR for both the

¥ F R
base-emitter diode and collector-base diode.
2. LV,p, and LVCER(RBE = 50 ) at various levels

of current from 10 ma to 199 ma.

3. hfe and hie for the range of collector dc current

from 10 pa to 9 ma at VCE = 10 V.

4. VCE SAT for collector current varying from 10 pa

to 9 ma.
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- The results for the transistor switching tests of
figure 65 are given in tables IV, V. ané VI. The following
general trend in the experimental data ~an be obserxved.

l. VT tends to decrease and thena increuse with

PR I, e

toté& exposure. This can be vwelated to the diode results

in which minority-carrier-lifetime effects predominate at

[Py

low flux levals; at higher exposure levels the conductivity
modulation suppresses the effec* because of the lifetime
change. The exaci extent to which the forwar? voltage of

a «iiode for a constant current will change with neutron

exposuce depends mainly on device structure, fabrication

techniques, initial impurity concentrations, the width of

SRR IR

the p~ and n-regions, .ianjecticn level, lifetime damage

constant, carrier removal rate, temperature, neutron energy

(e Td I AT

; spectrum, etc.
i 2. VP generally increased with increasing neutron

exposure. At low flux levels V? did not change much or at

S KA

all due to the small percentage of carriers removed.

P

%. The rise time, tr“ showed a decrease and the delay
: Time, td' showed an increase with increasing neutron exposure.
The reason for the decrease in t. can be explained by con-

sidering how current builds up to move operation from points

R

A to C of figure 9. The input voltage causes an injection

0of a number of carriers, €, from the emitter into the base

SRR TEUC

O
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which reach the collector depletion region after a transit
time Tb. The transit time Tb is approximately egual to
(w,,,)'1 where w, = 27f,, the current gain-bandwidth product
{reference G). In crossing the collector depletion region,
multiplication occurs and Mc carriers leave the collector.
If the base current is constant, these Mc carriers must
flow into the emitter. They flow across the base to the
collector with a resulting Mzc flowing out of the col-
lector after another interval T,. This process keeps
repeating, prcducing a regenerative buildup whose rate
depends upon the transit time T, and M. The base transit
time Tb is related to the minority carrier diffusion co-
efficient D and the base thickness Wb by
w2

. = 2

b ~ Z2Dm (96)
where m is a factor which accounts for built-in fields
affecting the motion of minority carriers (references 29
and 30). The diffusion constant D is not truly a constant
but is a function of the impurity concentration. Using

the Einstein relation, D can be relatea to the carrier

mobility u by

q (97)

Since u i2 a function of doping, D is a function of doping.

In general, as N (acceptor or donor concentration) gets
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smaller, u (hole or electron mobility) gets larger. This

o

S
it

3

would tend to increase D as doping concentration decreases.

Thus, as carrier removal starts decreasing the doping in

the base region, D should tend to increase with a resulting

decrease in Tb.

el R b RIS

f : As carriers are removed from the collector and base
] region due to neutron degradation, the collector-base

diode depletion region spreads further and further into the

LTI

d ' collector and base regions. This would tend to make the

base thickness look smaller and thus require less transient

4

time. A finite time is taken for the carriers to drift
across the depletion region, but this time can be neglected

for all practical purposes. However, it should be noted

o e UL e A R BT

that if the depletion layer widens with the voltage held

R L il bR S P AL

constant there will be a tendency for M to decrease. This

NS W,

would tend to make the rise time increase.

k ' 4. For some of the devices, Ve had to be decreased

at the higher nvt; otherwise, the device tended to fire
i : without any input signal. This is probably caused by the
.. increase in leakage currents because of rzutron damage.
Some of the significant test results after each neutron
run using the Fairchild 500 are summarized in figures
67 to 75. Figures 67 to 69 show representative results of B

degradation with increased neutron damage. As expected, B

3
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decreased with neutron fluence. When the measured value

of B approached 1.9, the usefulness or interpretation 3
of the Fairchild 500 test data becomes questionable, due
to the limitations of the machine. At this level a
Tektronix 575 Transistor Curve Tracer was alsc employed
to observe the transistors' characteristics and determine
B. At the higher neutron flux levels, the measured

values of B approached 1 (a few values of B were less

than 1), but the devices continued to fire.
As previously discussed (see page 26, equation 25).

the statement oM = 1 or

— M
Py = T-am (98)

is the condition for the onset of avalanche. If in
equation (98) o was only 1/2, the required value for
avalanche would be an M of 2. From the X-ray results,
values of M > 2 are easily obtained by varying the volt-

age across the junction depletion region. That is, as the

A S e v A SRR RN PR WAy

voltage VCB is increased, the value ¢f o necessary for

5 avalanche is reduced. It is apparent that what one would

like tc do is maintain the highest value of M across the

g T g

; junction, so that the smallest value of o necessary for

avalanche is required, to minimize B neutron degradation

B LT

effects on the transistor. This was the approach taken in
exposing the devices to a neutron environment, and some
! of the devices still fired after fluence of 8.612 x 10%2

nvt even with a beta of one.
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In the process of using the Fairchild 500, many of
the transistors were destroyed because of ins‘rumentation
problems. One problem was that the Fairchild 500 was not
opérating properly at times and sometimes the program taﬁe
reader would read eréoneous information off the prepared
tape program. This resulted in the maximum rating of the
transistor beihg exceeded, with pcssible thermal destruction,
and an over-range signal appearing on the Fairchild program
panel. Another problem was the author's ur.familiarity wiﬁh
the machine. After a few pre- and post-test sequences, only
two to three of each type of transistor were lefti.

The results of I, versus VR for the collector base

R

diode and IF versus VF for the emitter base diode at

different exposures for some of the transistors are

shown in figures 70 to 75. The breakdown voltage, Vg

increased with increasing neutron fluence as shown in

figures 70 to 72. The maximum change in Vg

in the transistor with lowest doping (2N3033). The results

was observed

of LV

-
CEQ’ “V¢

CER’ hie’ and V. SAT are not given, due to the

random fluctuation of the data and insuf.icient time to

properliy analyze the tremendous amount of experimental Jdata.
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SECTION VII

SUMMARY AND CONCLUSIONS

An analytical model has been develcped in this paper

to describe the avalanche multipiication of the photocurrent
in a diode. An empirical equation was used to describe
avalanche multiplication, which mathematically fits previous
experimental results associated with avalanche devices.

The avalanche multiplication phenomenon was related to
physical parameters of the dsvice, and equivalent circuits
under irradiation were developed. These models described
the behavior of photocurrent as a function of time when the

diode was exposed to ionizing radiation. Both the

operations prior to breakdown of the device and after

breakdown were included. The parameters of the models

were related to measurable diode physical parameters, and

i
g hence, were used tc develop design requirements for radiation
l % hardening.
_ g An equation was developed which indicated the reason
‘ g for the observed longer tails on the photocurrent, once the
i device was in breakdown. Experimental results were given
F é for transient radiation effects induced on the alloy p+n
i dicde. The theoretically computed photocurrents compared
; favorably with the experimentally observed radiation

induced photocurrents.

The derivation of the expression for the primary photo-

Tow Lngrenrn o W e

current indicated the necessity for reduction of the active
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volume for radiation hardening since the photccurrent was
directiy proportional to the active volume. This implied
that the smallest possibie diode which met the required
circuit application and power level should be used. This
situation required the minimization of the junction area,
depletion area, and minority carrier iifetime. The minority
carrier lifetime can be reduced by gold doping, and the
depletion widths can be minimized by the use of a lower
bias voltage and proper selection of doping profiles. Since
all the bulk primary photocurrent was multiplied by the
multiplication factor M, this required that the device be
operated at low voltage to minimize M. However, the multi-
plication of the primary photocurrent can be used to aa
.advantage when the device 'is used as a cancellation diode
in a compensation circuit. Although the equation for the
diode response did not include the interaction between the
device and its external circuitry, the equation can be used
ir conjunction with the diode model to predict approximate
circuit response.

The basic theory of avalanche transistor operation
was reviewed and the critical design factors were discussed.
Expressions were developed which relate minimum trigger

levels, power gains, and output pulse amplitudes to circuit

parameters, considering quiescent and transient operating
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conditions. Circuit designs were developed fcr avalanche

transistor operation under transient X-ray irradiation.
Since avalanche transistor circuits are normally

sensitive to transient ionizing radiation, the following

methods of hardening were used: (a) an external base to

ground reverse bias source, (b) a collector to base
compensation diode, (c) a collector to base compensation

diode plus a collector to ground clamping diode, and (d)

a base to ground compensation diode. From simplified
equivalent circuits, approximate criteria for hardening

these avalanche transistor circuits to ionizing radiation

were developed. Using these hardening techniques, circuits

i
:
:

% were fabricated and experimentally tested in a transient

§ radiation environment. The experimental results were consis- .

g tent with the theoretical predictions. The circuits were %

? tested in the range from lO6 R/sec to over lOJ‘O R/sec, and s

% all of the above techniques increased the hardness of the

% circuits. 5
ﬁ ] The base to ground diode-compensated circuit, which did

not switch at about 4 x 100 R/sec, theoretically and

experimentally, veriries the hardness of avalanche circuits
g to very high levels of transient X rays. It is felt that
with optimally designed circuits, radiation hardening can

be achieved to even higher exposure levels.
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Avalanche diodes and transistors were also irradiated
in a neutron environment, and pre -‘test and post-test data
from the devices were taken. The fciiowing fundamental

results on the diodes were confirmed or observed as the

I

] neutron flux increased: (1) decrease in carrier lifetime,
(2) increase in a conductivity modulation, (3) increase in
breakdown voltage, and (4) an increase in leakage current.
The same results were observed in the transistor with alsc
a reduction in B, a general increase and then decrease in

peak output voitage and minimum triggering voltage, and a

decrease in rise time with increasing neutron flux.

Depending or: the dopings, some of the diodes and transistors

were still functioning properly after irradiation up to

: ; 8.612 x 1015 nve.

s

In summary,the avalanche transistor and diode without

special dezign consideration are sensitive to irradiation

LT H S

by transient pulse of X rays. The predominant transient
radiation effect in avalanche circuits is the possible

switching of the avalanche transistor from the "off state"

<P AR b R - s

11 0 . .
to the "on state, due to induced transient primary photo-
currents. However, by using proper biasing and/or junction
compensation, one can narden avalanche transistor circuits

so they will not switch at levels of radiation up to
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4 x lOlO R/sec. Avalanche design is an effective itochnique
to produce a circuit which is relatively insensitive to

& neutron environment. A circuit employing an avalanche
transistor has been experimentally determined to function
properly after exposure to neutron fluence in excess of
lO15 n/cmz.

It is hoped that this research has demonstrated the
necessity for future theoretical and experimental work in
avalanche devices and the need for extension of the
present werk to a higher level of sophistication. From
this contract work, several areas of investigation need
to be further refined and completed.

1. The development of a more sophisticated model
of an avalanche transistor and diode for ncorporation
in computer predictions.

2. The development of technicques for measuring the
parameters used in defining an avalanche transistor or
diode model.

3. An investigation into the use of avalanche
circuits for the replacement of presently used circuits
or circuit functions.

4. An investigation into the optimization of the

circuits presented in this report.
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5. The development of better techniques for observing
transient or permanent damage in an avalanche transistor

circuit exposed to a nuclear environment.
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APPENDIX I

DERIVATION OF p-n JUNCTION TRANSIFNT CYJRRENT

Toe evaluate an expression for the traasient response

of a p-n junction, sevaral assumptions have to be made.

These assumptions are as follows:

o
2.

The diocde has a one-dimensional carrier flow.

The voltage applied externally across the diode

is assumed to occur mainly across the depletion
region up to the breakdown voltage of the device.
The field available for drift within the wain

body of the p-region or n-region is therefore

very weak.

When the external voltage across the device exceeds
the breakdown voltage, the additional voltage is
assumed to be dropped uniformly across the lightly
doped side.

The diode is uniformly doped.

Diffusion theory holds for predicting transiént
effects.

The contact on the lightly doped side is greater
than several diffusion lengths from the junction.
The ionizing radiation uniformly produces excess
electron-hole pairs. These excess electron-hole

pairs produced are assumed to be in sufficient
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amcunt to significantly alter only the minority
carriers in ea.n ragion az shown in figure 13,
When coneidering the tyansient response of a p-n
junction, one runs into the protlem of hole injecticn

into an n-region, or electron injection into a p-region

(reference 16). If holes injected into an n-region are :
considered, one can express in words the conservation of

holes at a fixed point in space as

time rate of - y - . .
lincrease in - [thermal generatlon} _ Lrecomblnatlon]

| rate of holes rate of holes

-

hole density

radiation |
generation
Lrate of houles

_ [outflow .
| of holes

{99)
The first term on the right-hand side of the above equation
ig equal to xnz and the second term is egqual toc rnp where ¢
is a constant. If it is assumed that only the minority
carrier density is altered appreciably in excess of the equilib-

rium densities Pho and n o due to hole injection, one can write

n

+ bp

=p
Pn n (100)

ne

and

(101)
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Hence, if one negiects momentarily the radiation term, the
first “twec terms on the right-hand side cf equation (99) can

be written

a(®p,) 2
& - Py - orop=rmy - (B, 4+ Sp) (102)

\ 2 3 a5 {
Since rn{ is equal to rn _p . equation (102) becomes

d _
zelop,) = o  bp

n (103)

Solving for 5pn gives
, -rn t -t/Tp
5 = 5 * =
28 \ P)oe (6p)°e (104)
where one def.res rn__ = l/rp, and (6p)o is the value of 6pn

at t = 0. Solviag for &p_out of equation (100) and putting

it into equation (103) cne obtains

Pho = Pp

d ’
= (6p_ ) =xrn__(p - pP.) = —0
dt n no n no rp (105)

The outflow c¢f holes can be found by examining a cube

of widths Ax, Ay, Az. Net inflow into cube =

ri ajZ 1 ajz l'ajx ]
- [l Ay [ Az [ " Ax
. 3z ox
|asy ¥ T4 q e ] (106)

On considering a unit cube, one can rewrite equation (106) as

1 BJ}.+BJZ+BJX I 3
T gy 3z ax - ’
q | oY J 9 P (107)
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vhere 3p is the currer“ density.

The continuity equation for holee injected into an
J

n-region becomes, from the above derivation,

ap (x.t) Pno = Pp(x:t)

at = T
p

Ko} I

9 . 3p + gt} (108)

where g(t) is the carrier generation rate due to radiation.

Similarly the continuity equation for electrons can be

written

anp(x,t) ) Rog = Mg |
ot T ’

v .. 3n + g(t) (109)

Qi

The change in signs arises because of the negative charge of

electrons.

The electron and hole~current density arises from drift

of carriers in an elactric field and diffusion of carriers

from a concentration gradient. If we assume that both

processes go on independently. we can add the current

densities to cbtain

j ) = E - DV
Jp(x ) qup g D% (110)

and

j_ (%x,t) = qu_nE + D 9n
I (x.t) = qu q D 7n (111)
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where the direction 0of the current densities is in each
casc the conventional direction.

The transient response of a diode is made up of two
components, which are the depletion compcnent ahd the
diffusion-electric field component. The depletion
component is nosmally referred to as a prompt photocurrent,
which is produced by carriers generated in the junction
depletion region. Since this component is collected in a
few nanoseconds, it can essentially be treated as having

no time delay with respect to the radiation pulse, i.e.,

i(e) = qAw g{t) (112)

The diffusion-electric field component i1s a delayed component
of photocurrernt, id(t)' developing from the diffusion and
drift of carriers generated in the bulk material. If we use
a p+n junction, most of the delayed component criginates in
the lightly doped n-material. Using this assumption, the

delayed photocurrent is given by

PO 4 apn(x't) i
1d(t) &3 unpB pn(x,t)’ ~-gA Dp e !
X= —dn x= -dn

(113)

where the field and x direction are shown in figure T76.
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If one usea the boundary conditions

It _ qv/ki[‘
pn‘—dn’t) = Pno® 2 © (114)
and
lim |
X 4 .= ‘pn(xlt’)! <@ (115)

equations (108) and (109) can be solved by use of Laplace

transforms for a constant voltage V and an electric field E.
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By using equation (110) on: can write equation {108) as

p_(x,t) p_(x.£)-p 2p_(x,t) a%p_(x,t)
nat _ g(t) _.n . ne _.eg n . + Dp n
o) 3 IxX

(116)

Taking the Laplace transform of eguation (116) and

rearranging terms, one cbtains

2
9 Pn(xls) UPE apn(}(18)

1 1l
- - %= (8 + =) P _(x,8) =
3*77 Dp 3X Dp o B
- ( (x,0) + Pno als))
R Ppix, 5T £t (117)

By solving the aux:.liary equation, one can solve for the

complementary solution Pn 3

2
Pacl¥i8) = € exp(;gf— * JQUDE> * %‘ (s + %—) )(X+dn) +
P

Since pn(x,O) = p

Xx + 4

n ' : .
no &¥P —p— for reverse bias (reference 16)
P

the particular solution Pn

Ppo - P

p(x,s) was assumed %o be of the
form
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P {x,s) = C3 +Cy exp(—i—-—a)

np b (119)

Putting equation (119) into equation (117) and solving for

03 and ﬂa, the particular solution can be written as

P ) P x+d
Prplx:8) = 5%+ G(si - — 5 e ()
8 + ?— s + P P .
P 1.p (120}

The general sclution can then be obtained as the sum of the
particular and complemeniary solutions {equations 120 and
118). Applying the boundary condition given in equation
(115) to the general solution, we find that C, is zero.
Arplying. the boundary condition given in equation (114) to

the general solution, we can solve for Cl and obtain that

C. = Pro  _6(s) 4 _Ftno
l s _l__ u_E
8YT s+ =

P P (121)

Retaining only the terms in the generai solution that
correspond to the radiation induced densities, one can show

that the excesa density due to radiation P(x,s) is given by

-

2
E u B
(u + [ ) s (s + & )(x +d )
D \D D
f‘-(x,s) :.E(i)i_. l-e p P T n
8 + ——
i L ]

Substituting equation (122) into the Laplace transform of

equation (113) and adding the prompt photocurrent, we obtain
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v E P p P
I_(s) = qac(s) |w,_ + 1< +
PP Pt 1 1
i 2(s + =) (s + &) ;
L P D 4

(123)

where Ipp(s) 1s referred to as the primary photocurrent.

By assuming some form of the carrier generation rate, the
inverse transform of Ipp(s) can be solved. If we assume a
pulse of magnitude g and duration tor ipp(t) is obtained as

shown: below, by neglecting th2 prompt cemponent,

u ET -t/r quz
e P eors £

Er -£/T
ipo(t) = qgAg EP;——E (1-e F TP)-_B,Z_P.

lqu2 Lquz

+ JDpr J<_EB; T l) erf —%E;— + %;) t“

0st=st (124)
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If we let E = O, equations (124) and (125) reduce to the

previous result given by equation (47).

Using equation (123), a computer program was written
to determine ipp(t) for different values of T and E. The
assumed values for the empirical constant were as follows:
A=1x 10" cn? » Oy = 6.5 em/sec ug, = 250 erl/v sec
g=1.6x 10_19 coulomb, and g = 6 x 1022 pairs/cm3—sec.
The generation rate g carn be approximately calculated from
the relation g = 100 PD ¢ 1.6 x 10712 e, where D =
absorbed dose in R/sec, P = mass density in gm/cm} =
2.42 for silicon, and e is the average energy to form one
electron-hole pair. Using these assumed parameter values,

the theoretical results are plotted in figures 77 througn

79.
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APPENDIX II

pP-n JUNCTICN DEPLETION CAPACITANCE

When a p-type material comes into intimate contact with
an n-type material there is a transition region where the
impurity concentration changes from cne type to another.

The behavior of this transition region is different for
grown and fused types of construction.

If a p-type material and n-type crystals are brought
int;; contact, there is a diffusion of holes near the junction
inne tiis u-vype crystal due to the large concentration gradient
for both carriers. Hcwever, the flow is only temporary and
the diffused carriers recombine. But as the diffusion and re-
combination process continues, the diffusing electrons leave
behind immobile, positively-charged acceptors. The tendency
here is a buildup of an electric field. However, the electric
field that develops from the diffusing of carriers is in a
direction that opposes further carrier drainage. This field
sets up a drift component of carriers that are in an opposite
directicn to the diffusion component. An equilibrium is
finally reached so that the drift and diffusion components
of both electrons and holes are equal and opposite.

Before the two regions were brought into contact, ther
was no net charge in either region. When the two regions are
put together, the bulk region remaius electrically neutral

and a space charge region develops near the junction. If we
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assume there is no volrage field in the bulk material, then
all of the electric field lines must terminate in the
depletion area. Thus the negative and positive charge

volumes must be equzl: that is

9ANpd = aAN,dg (126)

where

q = the electronic charge

A = Jjunction area

N, = donor concentrataica in s-region

Ny = acceptor concentration in p-region

dn = depletion width in n-region

dp = depletion width in p-region

In figure 81. we have shown the impurity concentration,
net charge density, electric field, and the electrostatic
potential developed across the transition region for a p+n
alleoy junction (abrupt junction). As depicted in figure 81b,
the space charge areas are equal and opposite with magnitudes
N, and ND and widths dp and dn, respectively. These widths
are an approximation, as we expect the space charge to gradu-
ally diminish, but the approximation closely describes the
real case. The electric field as shown in figure 8lc as a
function of distance has a maximum at the junction, as the
junction is between all the positive and negative charges

(that is, the greatest number of field lines cross the

junction). Frém the above discussion we see that upon the
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Figure 81. Abrupt Junction Capacitance Characteristics
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forming of a junction there arises inherently a space charge
region, an eiectric field, and a potential, and therefore
the junciion is pre-biased from its built-in contact

potential., We know from the current eguation that

o

% = 4 ;11 = ....1‘2

2

Under eguilibrium conditions this current must equal to

zero; sclving for E we cobtain

(128)

Since the voltage is the negative integral of the field, the

contact potential is given by -
p side D b p side 5 .
¢ (
Vep = =\ E-dx—-—-{l—b—éﬂdx-————r—‘ln(n) =2 1n R
CP o un n ox n u n
n side : n n
n side

where n, is the free-electron concentration in the n-region,
and np in the p-regicn. We know that at roon temperature n

is very nearly equal to the doping level N_ in the n-region

D
and pp is very nearly equal to doping level NA in the p-region.
2 ol
We can therefore say that n_ = —= = N o- Using this expression
1% Pp 2
D D KT
for np and the Einstein relation GE ='HE = T equation 129
p n

185




*a

can be writter as

NN

kr  Noa

° ? ni (+30)
whers R = Boltzmann's constant = 1.38 x 10723 joule/°K, T =
temperature in degrees Kelvin, and g is the electronic charge =
1.50 % 10'19 coulomb. As we can see frcm equation (130,
the contact potential depends on the impurity concentration
and on the type of semiconductor (n; = 2.4 x 1013 en? for
Ge and n; = 1.4 x lO10 cm-3 for Si). It is also a negative
value with reference to the n-side and its magnitude for
silicon ranges from 0.5 to 0.7 volt at room temperature.

When we apply a reverse bias across the junction (it

will be in the same direction as V we upset the bulk

CP)’
equilibrium condition, and the space charge region must widen
further depending on the impurities concentration and the
voltage applied. Employing Poisson's eguation, we can inter-

relate the electric field, the potential, and the space charge

density by
dév _ %g _ -_space charge density
2 X € €
dx ro (131)

where ‘r is relative dielectric constant of the semiconductor,

€, is permittivity of free space = 8.85 x 10‘14

faraascm,
and we assume one-dimensional analysis. Since we are assuming

that the concentration changes abruptly from a donor to an
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acceptor, we can use constant impurity concentration on
either side of the junction for calculation purj.oses. We
can therefore carry the derivation in two columns (one for
negative x and cne for positive x) around x = 0 and add

the resulting potentials together tc get the total potential

acrcss the junction.

Negative x Positive X (132)
a®v _ “Mp aly _ Wy
dx €r¢o dxz €rés

Integrating with respect to x,we obtain the electric

field E as

X + C2
r o r o

av

where Cl and C2 are integration constants. Since the
electric field must go to zero at the edge of the depletion
reg.on, Cl and C2 can be evaluated and the equations above

rewritten as

(134)

Ix - BT (x +d)) ax - € ¢ (x - dp)

This equation for E gives the characteristic for E as shown
in figure 8lc, where the bulk of the n-type region is used
as a reference. The electrostatic potential can be obtained

by integrating once mrere and expressed as
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v =

2

D ,x
(3 + d x) + ¢
(rco ) n 3 crcc

N‘)ﬂ

- dpX) Gy

(135)
Since the voltage must be ~ontinuous across the junction,

C3 must equal to Cu. The voltages, Vn and Vp, evaluated at

- i b
dn and dp are given by

2
gN,.d” 2
D' n -gN,d
Vo T e— *t C . . _ > ap
n €r€0 3 vp 7( ¢ + C

ro > (136)

The total voltage across the junction Vj with reference
to the bulk n-region is found by subtracting Vp from vV and

can be written as

m . 2 2
V=V, -V = 7?2?;~(NAdp + Naf)

{137)
where Vj is composed of the contact potential Vep and the
. | _ .
externally applied voltage Ve(l.e., Vi=Vep ¥ Ve). Using

the relation given in equation (126) and equation (137) we

can solve for d_ and 4 _:
n P

. =/—2c1_€gvj NA/ND)
n a NA+ND (138)

and

g = J[~2creovj ND/NA
N. +N
E e ATTD (139)
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Since the full width w of the depletion area is the sum of

d and d_ we obtain
n P

! -2¢ ¢ V

/N
et lmit U UR)

Equation (140) shows that when the bias is negative, the
depietion region widens across the junction with respect tc
the bulk n-region (that is, the junc.ion depletion region
widens if reverse biased and narrows when the junction is
forward biased). In a special case of doping as encountered

in a p¥n junction, N, >> Ny, and equation (140) reduces to

y %/:_Zcrcovl NA ~ / -Zereq\ii
q (N +NDf Y aN, (141)

This implies that in a »+n Junction, tlie depietion region
expands almost entirely into the lightly doped side as
illustrated in figure 81. The depletion can be visualized
as a parallel plate capacitor. That is, for small changes
in bias voltage we are just adding charges at the boundary.
The incremental junction capacitance Cj per unit area

(dQ -

av—) can be expresscd with use of equation (140) as
T

Si.ldo _frfo_ UQ(NWD)( Jo /o2

A A dvj W g 2(ve+vcp) v N.. N, /

(142)

’

or for a p+n junction (NA >> ND)
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-
¢y / qe € (Na+ Np)Np ) // <€ Np

~ £ 5 .
A A Z{V +T LI, / "7}ve+vcpj (143)

where Ve and ch are measured with respect to the n-side.
With this terminology, Vep will always i negative and Ve is
negative for a revcrse biased junction and positive for a
forward biased junction. However, in a forward biased case,
Ve will not exeed VCP' and therefore w will not go to zero
or Cj to infinity. From equations (142) and (143) it would
seem possible to plot l/Cg = 0. However, this is not
possible, as in any electrical measurement there is the

problem of stray capacitances. In reality the junction

capacitance is given by

e
€ € gN
ro*“D
C =A + C
m -?{Ve+VCP5 s (142)

where Cm ie the small signal measured capacitance and CS is
the stray capacitance. In eguation (144) there are four
unknowns, A, Ny VCP’ and C,- If we let k = 2/%r€oqND,
equation (144) reduces to three unknowns. By measuring

the junction capacitance at three d-c bias voltages, equation

(144) represents three equations given by

—_ = k(v +vV
(cm ‘C;;? ( ey CP)
"1 (145)
1
= k(v. +vV
(Cm C )2 ( 62 CP)
2 ° (146)
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3 (147)

After subtracting equation (145)from (146) and equation (147)

from (140) we obtain, after rearranging.

1 1 1 i
(c, -C 57 (c, -C )2 e —Cs)2 (c -CS)Z
2 1 ek o= D W _
v -V \Y -V
% €y 3 2 (148)
If we require that Ve -V, =V, -V, , then equation

3 2 2 1

(148) reduces to a cubic equation in the stray capacitance

expressed as

2

2 =
3. [(le - 26, t cm3 - lxcmlcm2 - ucmzc@3 + 8cm3»ml)] o2
S 8
Alcmz - 2le - 2cm3

r(CCm2 * Cme%n3 - 2n3Cm1) (Cma * Cmp * Cpz)-

t o 1 Cs
ZLm2 ~Ch1 cm3
2 .2 2 .2 2 .2
+ Elecm} " Cnifm2 - “m2%n3 0 : )
. 149
4cm2 -2, - 2cm3

The solution to the cubic equation was solved in a
computer program for the various diodes, and the root which

satisfied physical considerations was chosen (reference 28).
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Krowing C_, k can be esvaluated from equation (148). wich

this value of %, Vop is camputed from equation (145), that is,

ved

Vg ¥ e~ Y
CP 7 e
k(cm -Cg) 1 (150)

1
L

By making a plot of the reverse current versus the reverse

vecltage across the dicde past breakdown, the breakdown voltage

V., can be obtained by oxtrapelating the value of voltage to

B
zero current. Using this vaiue of VB’ the impurity concen-

tration N, can be obtained from the data of McKay and Miller

D
(references 5,6,7, and 8)j. For voltages greater than 10

volts, the impurity concentration can be related to tha

avalanche breakdown voltage by the eguation

3.49 x 1018

1.43
v
B (151)

ND =

Using the above obtained value of ND (from eguation 151) and
k (fr:m equatio. 148), the value of A can be computed. The
results obtained by the above methods compared favorably

with those cbtained from a destructive measurement.
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